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Abstract
Photonic crystal fibers based on microstructured air-glass designs have signifi-
cantly increased the capabilities of fiber optics. On the one hand, such fibers allow
for extremely tight confinement of light in a small modal volume, giving rise to
strongly enhanced nonlinear interaction between light and dielectric media. On the
other hand, photonic crystal fibers also enable guiding of light in air cores rather
than in glass. The latter type of fiber therefore reduces optical nonlinearities to an
extent impossible in traditional fiber designs. This thesis explores new physical pos-
sibilities at both frontiers of photonic crystal fiber design, going significantly beyond
existing technology in terms of dispersion management and in terms of enhancing
or suppressing optical nonlinearities.
First, the concept of a novel chirped photonic crystal fiber is introduced. The
qualitative dispersion and loss properties of this new fiber are theoretically derived
from a model based on a chirped Bragg fiber. All essential design parameters are
identified in this simple model. Furthermore, a finite element method is employed
to calculate quantitative properties of the fiber and to optimize the design. The
calculated results agree excellently with experimental data obtained from fabricated
fiber samples. The superior guiding properties of this new photonic fiber are demon-
strated in two experiments. The delivery of 25 fs pulses over a 1 meter distance is
realized without any dispersion compensation. Moreover, using dispersion compen-
sation, the delivery of even sub-20-fs pulses becomes possible. This demonstration
sets a new record for the fiber-based delivery of ultrashort pulses.
Subsequently, a photonic crystal fiber with a liquid core is investigated. The
fabrication of such a fiber is challenging. This work presents effective methods for
the preparation and explains a scheme for successfully reducing the insertion loss.
The fiber is optimized to support the highly efficient soliton-fission mechanism at
unprecedented pulse energies in white-light supercontinuum generation. Because of
the liquid core, the supercontinuum generation scheme can be scaled beyond the
peak-power limitations of solid-core fibers. The generation of a two-octave spanning
supercontinuum with 390 nJ pulse energy is demonstrated. The experimental results
are compared to a numerical simulation and the underlying mechanism is identified.
Finally, an experiment is presented that exploits strong nonlinear interaction of
two pulses inside a photonic crystal fiber for all-optical switching. This experiment
requires extremely careful management of dispersion and nonlinearity. A novel effect
is observed during the co-propagation of two ultrashort pulses with different wave-
lengths. Because of the dispersion properties in the chosen fiber, these pulses are
propagating at nearly identical group velocities, which dramatically increases the
nonlinear interaction via cross-phase modulation between the two pulses. Based on
this interaction, a fully functional optical transistor is experimentally demonstrated
with good switching contrast. In particular, the demonstrated optical transistor
enables switching of a strong pulse by a much weaker pulse.
v

Zusammenfassung
Die Möglichkeiten der Faseroptik wurden durch die Entwicklung von photonischen
Kristallfasern erheblich erweitert. Einerseits führen diese Fasern Licht in einem sehr
kleinen Volumen, und ermöglichen hohe Spitzenleistungen sowie eine stark nichtli-
neare Wechselwirkung zwischen Licht und Dielektrikum im Faserkern. Andererseits
ist aber auch die Lichtführung in einem luftgefüllten Kern möglich. In letzterem
Fall ist die Nichtlinearität auf ein Maß reduziert, das mit herkömmlichen Fasern
nicht möglich ist. Diese Dissertation untersucht neue physikalische Möglichkeiten
an beiden Grenzen des Designs von photonischen Kristallfasern. Zum einen wird
eine Kontrolle der Dispersion gezeigt, die weit über vorher existierende Technologie
hinausgeht; zum anderen wird die optische Nichtlinearität in bisher nicht demons-
triertem Maße angehoben oder unterdrückt.
Zuerst wird die Idee einer gechirpten photonischen Kristallfaser vorgestellt. Aus
einem stark vereinfachten Modell, basierend auf einer gechirpten Braggfaser, werden
die qualitativen Eigenschaften dieses neuen Fasertyps abgeleitet. Hier gelingt es, alle
wichtigen Designparameter zu bestimmen. Im Weiteren wird eine finite-Elemente-
Methode benutzt, um auch quantitative Eigenschaften dieser Fasern berechnen zu
können, und die Struktureigenschaften zu optimieren. Die hervorragenden Leitungs-
eigenschaften dieser Fasern werden dann in Experimenten demonstriert. Ohne jeg-
liche Dispersionskompensation wird die Übertragung eines 25 fs Impulses in einer 1
Meter langen Faser gezeigt. Wird zusätzlich eine Dispersionskompensation verwen-
det, lassen sich sogar Impulse mit weniger als 20 fs Dauer übertragen.
Im Anschluss daran wird eine photonische Kristallfaser untersucht, die mit einer
Flüssigkeit gefüllt ist. Allein die Herstellung einer solchen Faser ist eine Herausfor-
derung. Diese Dissertation beschreibt eine Methode zum Befüllen einer Kristallfaser
und zur Reduzierung der Kopplungsverluste. Die hergestellte Faser ist dahingehend
optimiert, einen hoch effizienten Soliton-Fission Mechanismus zu ermöglichen, der
zur Erzeugung von Weißlicht genutzt wird. Diese Weißlicht-Impulse haben eine mit
Soliton-Fission bisher noch nie erreichte Energie von 390 nJ. Auf Grundlage einer
guten Übereinstimmung mit den experimentellen Resultaten lässt sich aus numeri-
schen Simulationen der zugrunde liegende Effekt bestimmen.
Abschließend wird über ein Experiment berichtet, das die nichtlineare Wechsel-
wirkung zwischen zwei Impulsen verschiedener Wellenlänge ausnutzt, um einen op-
tischen Schalter zu verwirklichen. Dieses Experiment erfordert genaueste Kontrolle
der Dispersion und der Nichtlinearität in der Faser. Bei der gleichzeitigen Propaga-
tion von zwei Impulsen wird ein neuartiger Schalteffekt beobachtet. Beide Impulse
haben nahezu die gleiche Gruppengeschwindigkeit, und ihre nichtlineare Wechsel-
wirkung basierend auf Kreuz-Phasen-Modulation wird dadurch deutlich verstärkt.
Hiermit wird ein voll funktionsfähiger optischer Transistor mit gutem Schaltkon-
trast experimentell demonstriert, der insbesondere einen schwachen Impuls einen
stärkeren Impuls schalten lässt.
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1 Introduction
Optical fibers constitute the back bone for all international voice and data traffic as well
as for the internet. The very idea of transmitting information by modulating signals on a
light beam and of detecting its information in a receiver dates back at least 130 years to
Alexander Graham Bell’s famous Photophone [1]. The other important building block is
the optical fiber for light delivery. While total internal reflection was already discovered
in 1842 [2] the first optical fiber featuring two glass components was not fabricated until
1958 [3]. Within the next ten years the technology of fiber fabrication and light detection
was mastered, and the Nobel prize of 2009 [4–7] honored the pioneers of this time. Since
late 60’s the improved fabrication has led to lower losses and increasing data rates in
optical fibers, recently passing the 100 Tbit/s mark [8].
The physical basis for this amazing engineering development is the management of
two optical effects: chromatic dispersion and the nonlinear optical Kerr effect, in par-
ticular, self-phase modulation. Modern fiber design methods for solid core fibers enable
considerable control of these two parameters, eliminating dispersion to leading order and
suppressing or enhancing nonlinearities by orders of magnitude. This work will explore
these limitations in context of ultrashort pulses, i.e., at sub-50-fs duration.
For such extremely short pulses and extremely high peak intensities, standard telecom
fibers cannot be used. However, photonic crystal fibers (PCF) [9] have been found to be
most suitable for ultrashort pulses. Despite the recent progress, there are physical con-
straints limiting the technological capabilities of PCFs. For example, dispersive broad-
ening can never be completely eliminated as higher dispersion orders take over when
second-order dispersion is removed for one wavelength. This limitation rendered trans-
mission of sub-50 fs pulses over sizable distances impossible prior to the work described
in this thesis. While the nonlinearity needs to be minimized for the pulse transmission,
there are other applications that greatly benefit from an enhanced optical nonlinearity.
This work introduces a method to control the nonlinearity of a PCF by filling the core
with liquid. The generation of a two-octave spanning white-light supercontinuua with
unprecedented power in such a liquid core fiber is described.
Finally, an implementation of an all-optical transistor is demonstrated in a standard
PCF. While electrons in an electronic transistor exhibit a strong interaction, the photons
in a photonic transistor will not interact with each other since they are bosons. To
observe an interaction between photons, both a nonlinear optical medium and high
intensities are required. The extreme confinement in a PCF is therefore beneficial yet
still not sufficient for the nonlinear interaction required to switch a strong pulse with
a weak one. This work will experimentally show that there are ways to significantly
enhance the nonlinear interaction, overcoming previous limitations for implementing an
all-optical transistor with good switching contrast. This concept only requires a careful
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engineering of the dispersion profile. Optical devices based on the demonstrated effect
promise to be the next step towards future applications of optical computing, data
processing and telecommunications.
All the experiments together will demonstrate a control of linear and nonlinear effects
inside a fiber previously considered widely impossible.
2
2 Ultrashort pulses and their propagation
This introduction will give a brief overview about the mathematical model for ultrashort
laser pulses and their propagation. It will provide the mathematical tools to understand
the physics discussed in this work. The focus is on a coherent description of different
phenomena observed inside optical fibers. First the linear and nonlinear propagation in
a transparent medium are discussed and then some fiber specific propagation phenomena
are explained, as far as they are relevant for this work.
2.1 Mathematical description of ultrashort laser pulses
The connection between the electric field ~E and the magnetic induction ~B of an ultra-
short laser pulse is determined by Maxwell’s equations [10], dating back to 1861. In a
more recent formulation using SI units these equations read as [11]:
∇ ~D = ρ (2.1)
∇ ~B = 0 (2.2)
∇× ~E = −∂
~B
∂t
(2.3)
∇× ~H = ~J + ∂
~D
∂t
, (2.4)
with ρ being the charge density, ~J the current density, ~D = 0 ~E + ~P the electric dis-
placement field in a medium with the polarization ~P , ~H = ~B/µ0− ~M the magnetic field
in a medium with the magnetization ~M . In the case of a isotropic medium, the equation
spells out as ~D =  ~E and ~B = µ ~H, with  denoting the scalar electric permittivity and µ
the magnetic permeability. Further, if the medium has no free currents and free charges
( ~J = 0 and ρ = 0), Eq. 2.4 can be transformed into a wave equation for the electric and
magnetic field:
∇2 ~E − µ ~¨E = 0 (2.5)
∇2 ~H − µ ~¨H = 0. (2.6)
The laser pulses as discussed in this work are one solution of this equation set and
are completely described by the electric field ~E(t, ~x) as a function of time and spatial
coordinates. For linearly polarized light, the full three-dimensional ansatz is reduced to
a scalar field. Even if the light is not linearly polarized, the field components can be
separated and treated independently. Only nonlinear effects can cause an interaction
3
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between the different polarization components.
In a mode-locked ultrashort laser pulse the electric field is understood as a superpo-
sition of plane waves of different frequency but with a fixed phase [12]:
E(t, z) = 1√
2pi
∫ ∞
−∞
E˜(ω, z)eiωtdω = F {E(ω, z)} . (2.7)
Here E˜(ω, z) =
∣∣∣E˜(ω, z)∣∣∣ eiφ(ω,z) = E˜(ω)eiφ(ω,z) is a complex spectral amplitude of one
plane wave. Since the field E(t, z) is a real quantity, E˜(ω, z) must be self-adjoint, i.e.,
E˜(ω, z) = E˜∗(−ω, z). Applying a Fourier transform gives the description in the temporal
domain. Here the complex field amplitude E+(t, z) is given by the integral over positive
frequencies only:
E+(t, z) = 1√
2pi
∫ ∞
0
E˜(ω, z)eiωtdω. (2.8)
The real field of the pulse is determined by E(t, z) = 2Re
[E+(t, z)]. According to this
time domain picture, the positive spectrum in the frequency domain is defined by:
E˜+(ω, z) = E˜ , ω ≥ 0 (2.9)
E˜+(ω, z) = 0 , ω < 0.
The fields in the time and frequency domain are connected via the Fourier transform:
E+(t, z) = F
{
E˜+(ω, z)
}
. (2.10)
For the pulses discussed here, only a small range of frequencies ∆ω around the carrier
frequency ωc contribute to the spectral amplitude. If ∆ω is small compared to ωc, the
carrier frequency can be also separated in the time domain. By substituting ω → ωc+∆ω:
E˜+(t, z) = eiωct 1√
2pi
∫ ∞
∞
A˜(∆ω, z)ei∆ωtd∆ω (2.11)
= A(t, z)eiφ(t,z)e−iωct. (2.12)
A(t, z) is the Fourier transform of the spectral amplitude shifted by ωc. Here the
electric field is described only by the temporal amplitude (A(t, z)) and phase (φ(t, z)).
This approximation is usually referred to as slowly-varying envelope approximation
(SVEA) [13]. Applying the SVEA the propagation equation is simplified into a much
simpler differential equation [13]. This differential equation is derived directly from the
wave equation Eq. 2.6:
∂
∂z
A˜(∆ω, z) + i∆kA˜(∆ω, z) = 0. (2.13)
Note that the SVEA is only valid as long as the variation of the envelope is either slow
4
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compared to one cycle of the carrier oscillation, and long compared to the wavelength:∣∣∣∣∂A∂z
∣∣∣∣ << |k(ωc)A| , or ∣∣∣∣∂A∂t
∣∣∣∣ << |ωcA| . (2.14)
Modern laser sources with a pulse duration no longer than a few optical cycles often
generate a field which violates the criteria of this approximation. Whether or not the
approximation can be used, depends on the pulse shape and the carrier wavelength [14],
i.e., given a sech2 temporal envelope with a FWHM of 10 fs and a carrier wavelength
λ0 = 800 nm, the right side of Eq. 2.14 is only 10 times the left side and the ceiling of
the approximation is already reached. For any shorter pulses at this specific wavelength,
the SVEA would violate the phase-independent energy conservation. The need for a
complete description of shorter pulses and even single cycle pulses has lead to the devel-
opment of more advanced theoretical descriptions of the electric field [14–16], without
the restrictions of Eq. 2.14.
2.2 Linear propagation in transparent media
A part of this work will focus on the linear propagation of light in a specially designed
optical fiber. The propagation of light is called linear when the polarization in the
medium (~P ) depends linearly on the electric field ~E. The polarization has its origin in
the displacement of the electric charges in the medium, as a consequence the polarization
is actually never strictly linear, since it always depends on the electric potential of the
medium’s charges. However, for small electric fields the linear approximation is justified
and delivers excellent results. For the linear propagation, Eq. 2.13 can be solved by the
following ansatz:
A˜(ω, z) = A˜(ω, 0)ei∆kze−αz (2.15)
Each frequency component of the field receives a linear phase shift φ(ω,L) during
the propagation of the distance L in the media. The absolute value of the phase shift
depends on the dispersion properties of the medium:
φ(ω,L) = L∆k(ω) = L ω
c0
n(ω). (2.16)
The spectral phase φ is here developed into a Taylor series at the carrier frequency ωc
φ(ω, z) =
∞∑
m=0
bm(ω, z)(ω − ωc)m, (2.17)
with the Taylor coefficients being:
bm(ω, z) =
1
n!
∂nφ(ω, z)
∂ωn
|ω=ωc . (2.18)
The dispersion properties in transparent media as well as in waveguides are given by
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a set of propagation parameters βm(ω). The parameters can be derived directly from
Eq. 2.18 according to βm(ω) = m! bmz . In most cases the first three parameters already
cover all relevant physical effects of the propagation:
β1 =
1
c
(
n+ ω dn
dω
)
= 1
vg
, (2.19)
β2 =
1
c
(
2dn
dω
+ ω d
2n
dω2
)
, (2.20)
β3 =
1
c
(
3d
2n
ω2
+ ωd
3n
dω3
)
. (2.21)
Some of the introduced parameters are individually named, as are some related and
derived parameters:
• β2 is known as group velocity dispersion (GVD),
• 2 · b2 is known as group delay dispersion (GDD),
• 3! · b3 is known as third order dispersion (TOD),
• Tp = z/c0n(ωc) = z/vp is known as phase delay,
• Tg = z/vg is known as group delay (GD).
The difference between Tp and Tg describes the group phase offset, which causes a slip
of the field oscillation under the envelope. The change of the pulse envelope function
during the propagation in z-direction is estimated analytically for different pulse shapes
in [17]. In the case of a Gaussian pulse with only applying GVD, when all higher orders
of dispersion are zero, this will conserve the pulse shape and only cause a broadening
of the pulse. Including the higher order dispersion terms, the pulse could also broaden
asymmetrically. An analytical approximation for the RMS (root mean square) width of
the pulse is found:
σ(L) = σ0
√(
1 + Cβ2L2σ20
)2
+
(
β2L
2σ20
)2
+ (1 + C2)2 12
(
β3L
4σ30
)2
, (2.22)
with C being the chirp parameter of the input pulse [17].
Connection between loss and dispersion
The last term in Eq. 2.15 introduced the wavelength dependent loss for linear propagation
in transparent media. The loss describes the continuous exponential attenuation of light
propagating in a medium and is closely connected to the dispersion of the medium. Both
are derived from the frequency dependent dielectric constant which is defined as:
(ω) =
(
n(ω) + i c2ωα(ω)
)
, (2.23)
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Figure 2.1: Left: The refractive index n (red line) and the group index ng (black line)
of fused silica, calculated with the Sellmeier equation Ref. [20] Right: The
GVD β2 (black line) and D (red line) calculated for fused silica. The dis-
persion changes from normal to anomalous dispersion at the zero dispersion
wavelength of λ = 1.27µm.
together with Eq. 2.18 this results in
β(ω) = n(ω)ω
c
∝ < ((ω)) (2.24)
α(ω) ∝ = ((ω)) . (2.25)
Since the real and imaginary part are mathematically separated in the equations for
a linear propagation, the complex effective refractive index is used to simultaneously
handle both the dispersion and loss of the propagation:
neff = n(ω) + iα(ω). (2.26)
In a microscopic picture the loss and the dispersion are fundamentally connected via an
integral transformation, the so called Kramers Kronig relation in optics [18, 19].
2.2.1 Example: Dispersion of fused silica
In this example a frequently used optical material and its material parameters are in-
troduced. Fused silica is an important material since it is used as a host material for
the dopant in most optical fibers. The dispersion parameters βm and bm are derived
directly from the refractive index n(ω) of the material, e.g., [21]. The refractive index
has been measured for a wavelength range covering all common laser wavelengths. The
experimental data for most of the common material is listed. Since the refractive index
describes the medium’s response to the electromagnetic wave interacting with the bound
electrons, it depends on the specific position of the medium resonance frequencies. For
wavelength far from the mediums resonances the refractive index is well approximated
7
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by the Sellmeier equation [22]:
n2(ω) = 1 +
m∑
j=1
Bjω
2
j
ω2j − ω2
, (2.27)
with Bj the strength of the resonance located at ωj . The sum needs to extend over all
resonances contributing to the wavelength range of interest. In case of the visible and
infrared spectral range usually three resonances and six coefficients are sufficient to fit
the experimental data. The Sellmeier coefficients for fused silica are found in Ref. [20].
Figure 2.1 (right) plots the refractive index of fused silica as well as the group index,
the slope of this curve and the average value of n ≈ 1.45 is low compared to most
other glasses. The dispersion parameter β2(ω) as shown in Fig. 2.1 (left) is calculated
according to Eq. 2.21. The point β2 = 0 is referred to as zero dispersion wavelength
(ZDW). In fused silica the ZDW is near 1.27µm. The wavelengths with positive β2
are called wavelengths with normal dispersion and wavelengths with negative β2 are
called wavelengths with anomalous dispersion. While a positive GVD always increases
the pulse duration (see Eq. 2.22), negative GVD can, given a negative pre-chirp, lead
to a decrease in duration for a certain propagation length, before the pulse eventually
broadens.
2.3 Nonlinear propagation of ultrashort pulses
Chapters 5 and 6 will deal with various nonlinear effects during the propagation in an
optical fiber. In this section the concept of a nonlinear polarization is developed; first
for a general transparent medium, and then two fiber specific nonlinear effects (the self
and the cross-phase modulation) are introduced, still for a general medium. Second,
a nonlinear propagation equation is developed. Finally the soliton fission process is
introduced as an example of a combination of different nonlinear effects in a fiber.
The propagation is called nonlinear if the extreme field amplitude leads to an extreme
field gradient and a nonlinear polarization response of the medium. In this case ~P no
longer depends linearly on ~E and the light changes the optical properties of the medium
it propagates in. Still, this nonlinear change is small and the nonlinear polarization PNL
is small compared to the linear polarization PL. The total polarization is developed in
a power series for the electric field strength:
P (t) = PL(t) + PNL(t) = χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t)..., (2.28)
with χ(1) the linear and χ(i) (i > 1) the nonlinear susceptibilities of the medium. Math-
ematically these susceptibilities are tensors of the rank i + 1 and in general become
unhandy because of the high number of entries. A contracted notation is common [23]
and symmetry arguments further reduce the number of independent tensor elements [24]:
The materials appearing in this work are liquids, gases, and amorphous solids (glasses).
All of these materials are centro-symmetric, i.e., their electric potential is symmetric.
For this reason their χ(2) vanishes identically [23]. Second-order nonlinear effects, such
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as second harmonic generation or sum-/difference frequency generation, will not be ob-
served in these materials. The dominant nonlinear effects are third-order linear effects.
The corresponding third order nonlinear polarization is generated, in the time domain
oscillating with the frequency ω, and its component i is given by:
P
(ω)
NL,i = 0χ
(3)
ijkl(ω;ω1, ω2, ω3, )E
(ω1)
j (t)E
(ω2)
k (t)E
(ω3)
l (t). (2.29)
Here, four electric fields are involved, and these effects are referred to as four-wave
mixing (FWM). A large variety of effects are possible but most of them are restricted
because of a phase matching condition. Since the direction of the wave-vector is parallel
to the propagation direction and fixed for any propagating mode in the fiber, phase
matching can only be observed if the absolute value of the vectors are also equal. This is
usually not the case for the fundamental and any of its harmonics. In fact in most fibers
the phase matched frequencies are in far spectral distance to each other. This way the
number of important nonlinear effects in a fiber is drastically reduced. Degenerate four-
wave mixing (DFWM) processes are the dominant nonlinear effects observed in fibers,
since these are always perfectly phase matched. The nonlinear contribution of DFWM
to the polarization is described by:
PNL(t, z) = 0χ(3)eff (ωc;ωc, ωc,−ωc) |E(t, z)|2E(t, z). (2.30)
With χ(3)eff the effective susceptibility for the DFWM process. Using Eq. 2.29 the total
polarization reads as:
P (t) = o
[
χ(1) + χ(3)eff |E(t, z)|2
]
E(t, z). (2.31)
Here again is P = E, however, with  depending on the Intensity I(z, t) = |E(t, z)|2.
The new intensity dependent refractive index of the medium is given by n =
√
 and
found to be:
n(I) = nL + nNL = nL + n2I(z, t). (2.32)
The nonlinear third order response of the medium is described by a new material pa-
rameter, the nonlinear refractive index
n2 =
3χ(3) (ωc;ωc, ωc,−ωc)
8nL
. (2.33)
Its unit is [n2] = m2/W, e.g., the value for fused silica is measured to be 2.7 ×
10−16cm2/W. A significant change of n is observed for peak powers of several GW
or more, which are easy to obtain with ultrashort laser pulses. A medium showing this
intensity-dependent refractive index is called a Kerr-medium and the effect is called the
Kerr-effect.
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2.3.1 Self-phase modulation
One of the most prominent effects caused by the nonlinear refractive index is the Self-
phase modulation (SPM). The temporal change of the pulse intensity causes a temporal
change of the refractive index, which in return changes the temporal phase of the pulse.
As mentioned above, the electric field after a propagation over a distance L is E(t, L) =
A(t, L)e−iωcteiφ(t,L)eiφNL(t,L) (c.f. Eq. 2.12). The nonlinear contribution to the phase
after a propagation is:
φNL(t, L) = −piL
λ
δn(t), (2.34)
With the nonlinear refractive index change given by [25]:
δn(t) = n2
t
∫ t
−∞
dt′A2(t)e
t−t′
τ . (2.35)
The relaxation time τ is the key parameter to determine the character of the SPM
effect. If the Kerr-effect is instantaneous (τ = 0), the change of the instantaneous
frequency δω = dφ/dt is proportional to the gradient of the intensity −dI/dt and the
frequency broadening occurs on both sides of the spectrum [26]. In case τ 6= 0 and τ
is sufficiently large, the change follows the intensity linearly and the spectrum broadens
only on the low frequency (red) side. For an asymmetric pulse shape, an asymmetric
broadening will be observed. The broadening of the pulse is for example used to generate
a pulse significantly shorter than the initial pulse. This, of course, requires compensation
of the the nonlinear phase and realignment of the new spectral components in time,
after the SPM process. If the nonlinear phase vastly exceeds values of the original phase
φ(t), the temporal structure of the pulse is severely distorted and the re-compression is
practically impossible.
2.3.2 Cross-phase modulation between two pulses
Chapter 6 will deal with two pulses co-propagating in a fiber. In this case both electrical
fields contribute to the nonlinear polarization and additional nonlinear effects are ob-
served. The dominant effect for co-propagating pulses is cross-phase modulation (XPM).
The literature reports on two kinds of XPM, first on the interaction between two states
of polarization at the same wavelength and second the interaction of two different wave-
lengths. In this work XPM is restricted to only the nonlinear interaction between two
linearly polarized pulses of different carrier frequencies ωi and ωj with the same polar-
ization direction. The pulses are separated in the frequency domain in such a way that
their spectra do not overlap, i.e., no linear interaction can be observed. Two electric
fields give arise to a nonlinear polarization oscillating at ωj , ωi, 2ωj − ωi, and 2ωi − ωj .
The new frequencies 2ωj − ωi and 2ωi − ωj created in a FWM process are considered
not to be phase-matched and are neglected. The remaining two contributions at ωj and
ωi are P i,jNL =
30
4 χ
(3)(|Ei,j |2 + 2 |Ej,i|2)Ei,j and the total induced polarization reads as
Pj = 0jEj , (2.36)
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with j = Lj + NLj = (nLj + nNLj )2. Using the same approximation as used in Eq. 2.32
(nNLi,j << nLi,j) and nLi ≈ nLj the nonlinear refractive index is given by:
nNLi,j ≈ n2(|Ei,j |2 + 2 |Ej,i|2)Ei,j , (2.37)
with the same n2 as introduced in the Eq. 2.32. The first term of Eq. 2.37 shows the
nonlinear index change induced by the field to itself (SPM) and the second term changes
the refractive index proportional to the intensity of the co-propagating electric field
(XPM). The nonlinear change in the refractive index causes a change in the phase of the
field exactly as in Eq. 2.34, however, this time the δn depends on the intensity of both co-
propagating fields. For an instantaneous Kerr-effect, Eq. 2.37 results in δnj = n2(Ij+2Ii)
and the XPM is always twice as effective as the SPM. It is noteworthy that SPM and
XPM always occur together.
2.3.3 Nonlinear propagation equation
In order to mathematically describe the nonlinear propagation of ultrashort laser pulses
in transparent media, the slow Raman effect needs to be included in the mathemati-
cal model, not just the virtually instantaneous Kerr-effects. The source of the Raman
effect is the inelastic scattering of photons on phonons in the glass or crystal lattice.
Depending on the type of phonon, the effect is either called Raman (optical phonon) or
Brillouin scattering (acoustic phonon). Typically, response times in fibers range from a
few femtoseconds to some hundred femtoseconds [27]. A nonlinear propagation equation
is derived by solving the wave equation of nonlinear propagation:
∇2E − 1
c
∂2E
∂t2
= µ0
∂2PL
∂t2
+ µ0
∂2PNL
∂t2
. (2.38)
Here the SVEA and some algebra is used to transform the above equation into the so
called nonlinear Schroedinger equation (NLS) [28, 29] for an optical single mode fiber:
∂A
∂z
+ 12
(
α(ω0) + iα1
∂
∂t
)
A+ β1
∂A
∂t
+ iβ22
∂2A
∂t2
− β36
∂3A
∂t3
= i
(
γ(ω0) + iγ1
∂
∂t
)(
A(z, t)
∫ ∞
0
R(t′)
∣∣A(z, t− t′)∣∣2 dt′) , (2.39)
with α1 and γ1 being the first coefficients from a Taylor expansion of the absorption and
the nonlinear parameter. The use of this Taylor expansion implies that both α and γ are
frequency dependent quantities and also ns is frequency dependent. The parameter γ1
in Eq. 2.39 is causing the self steepening of the pulse. Equation 2.39 is usually referred
to as extended NLS [17] and describes the propagation accurately as long as the SVEA
is valid.
The nonlinear response function in the integral part of the NLS describes the electronic
and the nuclear nonlinear response of the medium. A common form for this response
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function is [27]:
R(t) = (1− fR)δ(t− te) + fRhR(t), (2.40)
with hR(t) the Raman response function, te the delay of the electronic response and fR
the Raman fraction. The Raman response function cannot be analytically derived for an
amorphous material such as glass. Different experimental methods have been developed
to measure typical delay times and amplitudes and to create realistic models for hR(t),
e.g., [27, 30]. With a proper description of hR the extended NLS can be used to describe
the nonlinear propagation of pulses as short as a few optical cycles, if enough higher
dispersion orders are included [14, 31–33]. However, as soon as the SVEA is violated,
the NLS can not be used to describe the nonlinear propagation. Important consequences
of the Raman effect on ultrashort pulses in an optical fiber are the intrapulse Raman
scattering resulting in a red shift of the pulse spectrum and the formation of Raman
solitons.
2.3.4 Soliton fission and supercontinuum generation
So far, a number of nonlinear effects have been discussed separately, however, as Eq. 2.39
indicates, all effects contribute to the nonlinear propagation at all times. In bulk media,
sometimes one effect dominates the others and can be studied in isolation. However, in
fibers as discussed in this work all effects are contributing almost equally. Interesting new
phenomena are observed as a result of a balance and cascadation of different nonlinear
effects. The supercontinuum (SC) generation in a PCF first demonstrated by Ranka [34]
is a typical example for such a cascaded effect. The effect can not be explained by
a single nonlinear effect, especially not by SPM alone. The octave spanning white-
light generation was first explained as soliton fission by Husakou et al. [35], and also
experimentally verified [36].
Figure 2.2 illustrates the supercontinuum generation during the propagation in a typ-
ical photonic crystal fiber. The main requirement for an efficient SC generation is that
the initial pulse is propagating close to the zero dispersion wavelength (ωZDW) of the
fiber in the negative dispersion regime. The dispersion is depicted as a gray line. Under
this condition the pulse forms a higher-order soliton with the soliton number given by
N = τ0/ |β2(ω0)|. This soliton exists as a result of a balance between SPM and GVD
and periodically broadens in both the time and frequency domain. Because of the high
TOD (green dashed line) at the ZDW the high order soliton fissions subsequently into
a number of fundamental soliton (N=1) whenever it has reached its maximum width in
the spectral domain. The earlier the fundamental soliton splits off from the high order
soliton, the higher its amplitude and group velocity and the shorter its duration. These
solitons are then red shifted by the Raman effect during their propagation. Each fission
process gives rise to the emission of phase matched non-solitonic radiation (NSR [37],
blue) at blue frequencies. This NSR is understood as phase-matched FWM process,
which also explains the blue shift according to the red shift of the associated soliton [38–
40]. Since the NSR is located in the normal dispersion part of the spectrum it propagates
not as a soliton but as a dispersive wave. This soliton fission process explains the octave
12
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Figure 2.2: Schematic of supercontinuum generation based on soliton fission. The pulse
starts its propagation as a high order soliton at negative dispersion close to
the zero dispersion wavelength. Because of the high third order dispersion,
the input soliton fissions intoN fundamental solitons, which are subsequently
Raman shifted towards the red. Each fission process gives rise to the emission
of non-solitonic radiation at blue frequencies and the non-solitonic radiation
propagates as a dispersive wave. In a cascadation of this process the super-
continuum is created. The distances given on the z-axis may vary with the
energy and wavelength of the input pulse.
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spanning supercontinuum generation in fibers.
2.4 Optical fibers
Optical fibers are an important development of the 20th century [4, 5]. They have
revolutionized communication networks and have also found many different applications
in all fields of science and technology. The majority of fibers are made from ultra-pure
amorphous silicon dioxide (silica) with or without a dopant. The typical optical fiber has
a core region of about 2−30µm diameter surrounded by a cladding layer of 100−250µm
width and is jacketed with a polymer protection coating. Most fibers are all solid and the
core has a higher refractive index than the cladding due to a special doping of the core
and/or the cladding. A fiber can support many electromagnetic field modes propagating
in the core, the cladding, and even on the surface between core and cladding. A fiber
which only supports a single electromagnetic mode in the core is called a single-mode
fiber, whereas a multimode fiber allows for many modes to propagate at the same time
in the core. Today a zoo of fibers for different purposes is available, the following section
will only describe a small part of them and will focus on the photonic crystal fibers.
2.4.1 Index guiding fibers
Most of the fibers used today have high index core and at least one low index cladding
layer. The guiding mechanism in these fibers is named index guiding and can be un-
derstood by total internal reflection on the interface between core and cladding. This
explanation uses the ray-picture of light propagation but the index guiding equally be
explained in the wave picture. The important parameters for such a fiber are the core
diameter (dcore) and the numerical aperture NA = 1/n0
√
n2core − n2cladding. The latter
is determined by the refractive indices of the core (ncore) and cladding (ncladding). The
number of modes supported in such a fiber scales with the square of the so called V
number (V = 2pi/λdcoreNA) and a fiber is a single-mode fiber when V is smaller than
≈ 2.405. The NA also determines the maximum acceptance angle (sin θmax = NA/n0) of
the fiber. If the fiber parameters and the wavelength are well chosen, light can propagate
over many kilometers in a single-mode fiber, the internal loss is typically in the range of
0.2 dB/km for a silica fiber.
2.4.2 Photonic crystal fibers
Compared to the index guiding fibers, photonic crystal fibers are rather new and compli-
cated to fabricate. They are named because of their microstuctured cladding, which acts
as an artificial crystal for light. The first attempts to realize such fibers were made in the
1970s by Kaiser et al. [41]. Since major improvements in the early 1990s [42], the stack
and draw technique today allows for reliable fabrication of such fibers. Many research
groups are able to draw microstructured fibers and even a small number of commercial
fibers are available. Within only a few years PCFs have achieved major significance in
many research applications. However, only a small number of commercial applications
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Figure 2.3: Illustration of bandgap guiding: (a) A micrograph of a typical bandgap guid-
ing PCF. (b) The core mode calculated for this type of PCF. (c) The density
of optical states in a bandgap fiber features bandgaps with no optical states.
(d) A cross-section of the density of optical states at a single frequency [in-
dicated as a blue line in (c)], illustrating the photonic bandgap. The density
of optical states data is taken from [44].
have been developed thus far. Most fibers are made from a uniform glass with easy-to-
handle thermo-mechanical properties [9, 43]. The appearance of PCFs may vary a lot:
solid core and hollow core fibers are very common. It is useful to categorize the PCFs
by their guiding mechanism, instead of their appearance. This categorization does not
depend on the properties of the core, but on the photonic properties of the cladding.
The first reported PCFs were basically index guiding fibers. If the size of the holes is
in the range of the wavelength and their distance is somewhat smaller than the mode
diameter in the core, the mode basically averages the refractive index over the entire
microstructure. Since the average refractive index of that microstructure is smaller than
the one of the core, index guiding as described above is observed.
With the increasing quality and dimension of the microstructure two new guiding
mechanisms were discovered: the photonic bandgap guiding and the quasi guiding. Both
mechanism confine a light mode in the the core and allow for low loss guiding over long
distances. The understanding of these effects allows engineering of the fiber properties
with a great degree of freedom.
2.4.3 Photonic bandgap guiding fibers
The microstructured cladding in a bandgap fiber represents a two-dimensional pho-
tonic crystal [45]. Because of the boundary conditions only a limited number of optical
frequencies are able to propagate in the photonic crystal structure. In case of an one-
dimensional photonic crystal, a band structure of such a photonic crystal can be derived
using the same mathematical methods as in solid state physics. The two-dimensional
case is usually too complex to be solved analytically. A numerical method needs to be
employed to calculate the band structure of such a two-dimensional photonic crystal.
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Figure 2.4: Illustration of the quasi guiding: (a) A micrograph of a typical quasi-guiding
PCF. (b) The core mode calculated for such a PCF. (c) The density of optical
states for a quasiguiding fiber has no bandgaps and is completely populated.
(d) The density of optical states at a single frequency [indicates as yellow
line in (c)] shows only regions with higher and lower density. The density of
optical states data is taken from [44].
The photonic analog to the electronic band structure of a crystal is shown in Fig. 2.3 (c)
as the density of optical states (DOS) diagram for a typical bandgap fiber [Fig. 2.3 (a)].
The number of optical states is color coded and displayed over the optical frequency.
The plot indicates several white areas of absolutely no optical states; these areas are
called photonic bandgap. In Fig. 2.3 (d) the DOS is shown for a specific frequency. This
illustrates the concept of bandgap guiding: Any optical mode with an effective refractive
index within this bandgap will be confined in the core because their light simply cannot
leak trough the cladding. Depending on the manufacturing quality of the microstructure,
this guiding mechanism allows for losses well below 1 dB/m [46, 47].This mechanism is
also not depending on the refractive index of the core, which is just representing a defect
in the crystal structure, i.e., the guiding works even for a hollow core fiber. Such hollow
core fiber are of special interest for applications such as spectroscopy and biomedical
sensing. Because of the very strict confinement, solid core bandgap fibers are used in
supercontinuum generation [34] but also for the realization of single mode large mode
area (LMA) fibers.
2.4.4 Quasi guiding fibers
The second important guiding mechanism in PCFs is quasi guiding [48]. Figure 2.4
illustrates this guiding mechanism. Apart from that for the bandgap fiber, the DOS
diagram [Fig. 2.4 (c)] for a quasi guiding fiber is completely populated. Given the
missing bandgap, virtually loss-less guiding of the core mode is impossible. The core
mode can leak into the cladding whenever the core mode is resonant to one of the
cladding modes. In such a quasi guiding fiber the cladding is always resonant to at least
one cladding mode. However, light can still be guided with low losses in the range of
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Figure 2.5: Left: material (black), waveguide (red) and total dispersion (blue) for an all-
solid highly nonlinear fiber. Right: Comparison of the loss for single-mode
fibers from the early 1980s (red), the late 1980s [51] (green), and recent fiber
(black). The theoretical limit of the loss is given by pure Rayleigh scattering
and displayed as a blue-shaded area.
a few dB/m if the leaking is small enough. The core mode as shown in Fig. 2.4 (b) is
guided as a defect mode in a low DOS region indicatedby blue colors, c.f. Fig. 2.4 (d).
These regions are neighbored by regions with high DOS (red colors). In these regions
the cladding resonances accumulate, and the loss is dramatically increased.
The main advantage of the quasi-guiding is that very broad connected regions of low
DOS are observed, e.g., in Kagome type fibers as shown in Fig 2.4 (a). This makes this
guiding mechanism particularly suitable for the guiding of ultrashort laser pulses with
an extremely broad spectrum [48]. These spectra exceed the bandwidth of any known
photonic bandgap in the same wavelength region. Even several single but isolated strong
resonances within the spectrum of such an ultrashort laser pulse do not cause severe
distortions in its temporal structure [49]. Furthermore, the quasi-guiding does not rely
on a strictly periodic cladding, and the loss [49] as well as the dispersion [50] can be
optimized.
2.4.5 Dispersion and loss in a fiber
Dispersion
The dispersion in a fiber constitutes from the material dispersion of the core material (c.f.
Sec. 2.2.1) and the waveguide dispersion of the fiber. The latter is a result of geometrical
confinement of the light in the core. Especially, when the waveguide dimensions are of
the same scale as the center wavelength, the waveguide contribution is changing the
global and local dispersion properties significantly.
Figure 2.5 shows the two contributing components and the total dispersion calculated
for a simple index guiding highly nonlinear fiber made from fluoride doped glass. It
is observed that for wavelength smaller than the core diameter (dcore = 1.74µm) the
waveguide contribution is linear. A linear waveguide dispersion shifts the zero dispersion
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wavelength and changes the slope of the total dispersion. For wavelengths longer than
the doped core diameter, the waveguide dispersion roles off and causes a second zero
dispersion wavelength. Such a behavior is observed for many solid core fiber, regardless of
their material and specific guiding mechanism. This includes also the nonlinear photonic
crystal fiber used in Ch. 6.
In a hollow core photonic crystal fiber, as discussed in Ch. 4 the material dispersion of
air is very small [52], and the waveguide dispersion is dominating the total dispersion. For
these fibers usually a resonance-shaped dispersion is observed with linear middle part
and roll offs close to the resonances (quasi-guiding fibers) or at the bandgap borders
(bandgap guiding). Since there are almost no analytical solutions for the waveguide
dispersion in hollow core fiber, numerical mode-solving (c.f. Sec. 3.2.2) is required to
calculate the effective refractive index and the dispersion of such fibers. However, in
some cases a much simpler approximation is useful [53].
Loss
Similar to the dispersion, also the loss of a fiber has a material and a waveguide contri-
bution. Figure 2.5 (left) illustrates how the total loss in the fiber has been improved in
the last decades. The theoretical loss limit in a fiber is given by the Rayleigh scattering
(blue shaded area) and decreasing with λ−4. While earlier fibers still had absorption
peaks at 1.24µm and 1.39µm modern fibers made from ultra-pure silica have losses as
low as the intrinsic limit. Most glasses however have a high absorption in the infrared
spectral region above 3µm wavelength, this absorption is due to vibrational excitation
of the glass and cannot be avoided. The waveguide loss is given by the imaginary part
of the effective refractive index for the guided mode and therefore directly coupled to
the waveguide dispersion via the Kramers-Kronig relation [18, 19]. Especially, in hollow
core photonic crystal fibers this waveguide loss contribution is important.
Furthermore, an externally caused loss can be observed, if a fiber is bent too tightly.
This so called bending loss is observed for all guiding mechanisms. Physical bending
deforms the fiber cross-section in a way that breaks the confinement of the core-mode
and leads to a leaking into the cladding. The bending loss can easily exceed all other
loss contributions and the leaking of optical power can cause severe damage in the fiber.
The critical bending radius depends on the wavelength and the waveguide and can range
from a few to a few tens of centimeters.
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This chapter covers the important experimental and numerical methods used in this
work. The first part will explain the dispersion measurement technique, loss measure-
ments, and the interferometric autocorrelation including an iterative phase retrieval al-
gorithm. The second part will describe the numerical method which is used to calculate
the guiding properties of complex photonic structures. Chapters 5 and 6 will also use
simulations of nonlinear propagation of ultrashort pulses in media. These simulation are
performed in collaboration with Anton Husakou (Max Born Institute) and Ayhan Demir-
can (Weierstrass Institute). The simulations are based on advanced numerical models
and have been performed, based on the data obtained in this thesis. The underlying
principles and methods are briefly reviewed when the method is first used.
3.1 Experimental methods
3.1.1 Dispersion measurement techniques
The dispersion of a medium is a key parameter for many experiments in optics. As can
already be deduced from the further turn of this thesis: for the propagation of ultrashort
pulses the dispersion is one of two critical parameters. In Ch. 4, an extraordinary low
dispersion over a broad bandwidth preserves an ultrashort pulse from temporal broad-
ening. In Ch. 5, the zero dispersion wavelength and the dispersion parameters enable
soliton formation, which induces the observed nonlinear supercontinuum generation. In
Ch. 6, the dispersion, more specifically the group delay, allows for two pulses propagating
with similar group velocity.
Usually the dispersion of a fiber is given just as a single parameter β2 or D at one
specific wavelength, and it is sufficient to describe the higher order dispersion by a series
of scalar values βi, as defined in Eq. 2.18. For the propagation of ultrashort pulses with
bandwidth easily exceeding 50 nm, the wavelength dependence of the GVD is important.
In this work the dispersion is calculated and measured as a function of frequency β2(ω).
This implies that the high order dispersion terms are also frequency dependent and are
given by the derivatives of β2(ω). A precise measurement of β2(ω) is required for all
experiments in this work and many others, e.g., Refs. [54–58]. β2(ω) describes the change
of the group delay, i.e., the change of the relative phase between frequency components.
This change can be directly measured in the temporal domain as well as in the spectral
domain. Both measurements are absolutely equivalent and, ultimately, the precision
of the measurements in both domains are limited by noise [59–61]. In this work the
measurements are performed in the spectral domain.
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Interferometric dispersion measurement
The measurements use spectral interferometry [62] to measure the phase difference be-
tween frequency components. The setup consists of a dispersion balanced Mach-Zehnder
type interferometer [63]. At the output port of the interferometer, the spectral interfer-
ence between the sample and reference arm is measured, and the interference signal is
given by:
|Esig|2 (ω) = |Eprobe(ω) + Eref(ω)|2 ∝ cos
(
2pi 1
τ(ω)
)
. (3.1)
With τ(ω) being the temporal delay of the different frequency components. The signal
is a spectral fringe pattern. For analysis of this fringe pattern, first the phase of the
interferogram ϕ needs to be retrieved:
ϕ(ω) = ωτ0 + φref(ω)− φsig(ω) = ωτ0 + ∆φ(ω) (3.2)
This phase can be extracted with either the Takeda algorithm [64] or a wavelet based
algorithm [65]. The first derivative of the extracted phase gives the group delay (GD)
of the sample:
dϕ(ω)
dω = τ0 +
dφref(ω)
dω −
dφsig(ω)
dω = τ0 + GDref + GDsig. (3.3)
From this precise measurement of the group delay GD(ω), the dispersion β2(ω) and the
higher order dispersion terms are calculated by successive derivatives of the signal, c.f.
Eq. 2.18.
Light source and precision
For the experiments presented in this work, the group delay needs to be precisely mea-
sured over a bandwidth covering some 100 nm. In Chapter 4 the latter is achieved with a
tunable laser source (Spectra-Physics, Tsunami), which is tuned 5 nm steps from 730 nm
to 830 nm. For the spectral range covered in Ch.6 the tunable laser cannot be used and
a white-light supercontinuum (NKT Photonics, SuperK) is used instead. In both mea-
surements the precision is limited by the shot-noise [59], and shot noise is proportional
to the square root of the number of photons. The light source is the better, the more
photons are emitted at the specific wavelength, and the detector is the better, the more
photons are detected per time unit. For the measurements presented in this work exten-
sive averaging is used to increase the precision. Unfortunately, even in a perfect setup,
the standard deviation of β2(ω) is proportional to the third power of the inverse spectral
resolution [59]. As a consequence, the noise level rises rapidly with increasing resolution
and the maximum achieved spectral resolution and precision need to be traded off by
an increased measurement time.
20
3.1 Experimental methods
3.1.2 Loss measurements
The loss coefficient α describes the attenuation during a propagation in a sample with
length l:
Pout = Pine−αl. (3.4)
The most straightforward way to measure the loss is to measure the input and output
power as well as the length of the sample. However the precision of these measurements
is crucial and in general a precise loss measurement averages over a large number of
measurements. Typically such a measurements is performed as a cut-back measure-
ment. A series of power I0, I1, . . . , In is recorded, while the sample is cut back to length
l0, l1, . . . , ln. Saving and measuring the cut parts allows for very precise relative length
measurements. The loss is then given by the average over:
αn =
− ln (Pn/Pn−1)
ln − ln−1 . (3.5)
In some literature dealing with fiber optics, as an engineering problem, the loss of a fiber
is given in the unit dB/m. The conversion formula from α, given in 1/m, into loss αdB
in dB/m is:
αdB =
1
l
10 log10
1
e−lα
. (3.6)
3.1.3 Pulse characterization
The characterization of ultrashort laser pulses is a challenging task. In most cases a
direct measurement of E(t) or A(t)is not possible for pulse durations smaller than a
few picoseconds. Several methods have been developed to gather information about
the temporal pulse structure [66]. The spectral phase interferometry for direct electric
field reconstruction and frequency resolved optical gating are the most sophisticated
approaches and both methods allow for complete characterization of the electric field.
Unfortunately, both methods require measurements in the spectral domain, which
requires a certain pulse energy for a detectable signal. Depending on the used setup,
wavelength, and the detector type, this critical power level may vary. However, the
few nJ pulse energy at a repetition rate only 1 kHz as used in Ch. 4-6 of this work
neither allow for none of the complete characterization techniques. The only reliable
characterization techniques available are the autocorrelations, which spectrally integrate
the signal. Very sensitive detectors can be used and easy-to-use commercial devices are
available.
Interferometric autocorrelation
The technique used for the measurements in Ch. 4 and Ch. 6 is the interferometric
autocorrelation (IAC) in combination with an iterative pulse reconstruction developed
for this work [67, 68]. Figure 3.1 (left) illustrates the setup for an interferometric au-
tocorrelation and Fig. 3.1 (right) shows a calculated example for a IAC signal (black)
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Figure 3.1: Typical setup for the interferometric autocorrelation (IAC). Calculated
traces autocorrelation traces of a transform limited Gaussian pulse. The
trace for an intensity autocorrelation in red and the interferometric autocor-
relation in black.
compared to the signal of an intensity autocorrelation (AC) for the same pulse. The sig-
nal interferometric autocorrelation is a convolution of the electric field and shows typical
interference fringes. The signal is then given by:
IAC(τ) =
∫ ∞
−∞
∣∣∣(E(t)E(t+ τ))2∣∣∣2 dt. (3.7)
This measured signal is not background free and the background-to-signal ratio calcu-
lated from Eq. 3.7 is 1 : 8. The IAC signal is analyzed by counting the fringes within
the FWHM of the signal (Nfringe) and no calibrated delay axis is required, since the
fringe spacing ∆τ = 1/ν0 is given by the center frequency of the laser pulse. The pulse
duration is then estimated with:
TFWHM =
Nfringe∆τ
B
, (3.8)
with B the deconvolution factor for the assumed pulse profile, e.g., 1.897 for a super
Gaussian pulse. The the IAC setup is more difficult to adjust than the standard autocor-
relation, but the fixed background/signal ratio provides an excellent control mechanism
for the adjustment. The collinear setup allows for characterization of ultrashort pulses
even as short as just a few optical cycles [69].
Iterative phase reconstruction
It has also been shown that the direct calculation of the temporal pulse structure is
impossible. However, a number of different iterative approaches has been reported ,
e.g., Ref. [70], which allows for iterative retrieval of the temporal pulse structure. These
algorithms search for a matching spectral phase that would lead to the recorded auto-
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Figure 3.2: Illustration of an FEM calculation. (a) scanning-electron micrograph of a
manufactured fiber [50]. (b) Schematics of the geometry of a photonic struc-
ture. The hollow core is color-coded in blue-green, gray areas indicate glass
cross sections. Hollow regions of the cladding are marked in green. (c) Exam-
ple of a fundamental mode pattern determined in the numerical simulations
computed at 650 nm wavelength. Color coding indicates the modulus of the
electric field on a linear scale. (d) Triangular discretization of the geometry
as depicted in (b), as used by the FEM solver.
correlation signal for the given spectrum of the pulse. For this work this technique is
adapted for the IAC [67]. The adapted algorithm first extracts the AC core and then
performs an iterative optimization of the spectral phase, to achieve the best possible
agreement with the calculated AC signal. This technique allows for identification of
temporal substructures, however, the time-direction itself cannot be determined. The
iterative phase reconstruction allows for verification of the pulse shape assumption and
for optimization of the spectral phase [67, 68].
3.2 Numerical method: Finite Element Method
This section presents the main numerical method employed to calculate the dispersion
and loss in a fiber. For simple structures such as one layer step index fibers and hollow
capillaries [71] the propagation parameters can be calculated directly in an analytic
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fashion. More complex fiber designs require a numerical method to solve the propagating
mode problem and to calculate the real and imaginary part of the effective refractive
index. The structures discussed in this work lack strict spatial periodicity in the photonic
cladding structure, c.f. Fig. 3.2 (a). Analytical calculations of guiding properties of
photonic structures rely on a calculation of a photonic band structure for modes in
a unit cell of the photonic crystal, these approaches are not applicable for the fibers
discussed in this work. The only way to determine the guiding properties of a complex
non-periodic structure is to solve the complete set of Maxwell equations.
The finite element method (FEM) is a mathematical technique developed to numeri-
cally solve a set of differential equations in a very effective way. Since most problems in
modern physics can be formulated as such a set of differential equations this technique
is commonly used. Applications of the FEM are found in heat conduction, fluid dynam-
ics, solid state physics, and particle physics. Simulations in some of these areas play
a key-role in industrial engineering and a precise simulation can save a lot of money,
which explains the availability of many different software solutions utilizing the FEM
method. Some products cover all simulation areas, and combine FEM with other math-
ematical methods to provide universal simulation tools, other software is specialized on
one specific problem.
3.2.1 The mathematical concept
The FEM is used in this work as an effective tool to solve the propagation mode problem
in a photonic crystal fiber, i.e., to calculate the field pattern of the propagating mode
Epm (x, y) and to calculate the effective refractive index neff . The full propagating mode
of the time harmonic Maxwell’s equations is written as:
E = Epm (x, y) eıkzz (3.9)
and
H = Hpm (x, y) eıkzz. (3.10)
The notation here is different from the one in Ch. 2 to enable a compact formulation
as it is used in the theoretical literature on the FEM. In this notation the Maxwell’s
equations can be read as a generalized eigenvalue problem for the propagation constant
kz and Epm:
A
[
E⊥
E˜z
]
= k2zB
[
E⊥
E˜z
]
(3.11)
with E˜z = kzEz and A and B according to [72]. The matrices A and B contain all
of the differential operators. This formulation as an eigenvalue problem suggests a
way to solve the problem numerically with the finite element method [73]. A detailed
description of the mathematical procedure can be found in [72]. Figure 3.2 illustrates
the steps of a FEM calculation. Inspired by the micrograph of the structure (a) a
geometrical abstraction is generated (b). During the triangulation, the computational
domain Ω is discretized into small triangles as shown in (d). These triangles are called a
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finite dimensional subspace of Ω and build the backbone of the calculation. For each of
theses triangles a set of ansatz functions are defined. The approximate solution Eapprox
for the eigenvalue problem in Eq. 3.11 is given as a superposition of all these ansatz
functions from all elements (triangles) of the subspace. The amplitude coefficients for
each ansatz function on every element are unknown. To calculate these coefficients,
only the boundary conditions of the computational domain Ω and between all of the
elements are needed to be known. Despite the amount of data, this is a rather simple
computational problem. To solve this computational problem, a large number of integrals
needs to be solved numerically. Eventually one receives the amplitude coefficients for
each element. This gives the solution Eapprox and its propagation constant kz as well
as the complex effective refractive index neff (c.f. 2.2). The use of a finite element
method to solve the propagating mode problem is beneficial, especially, for complex
photonic structures [74, 75]. Virtually arbitrary structures can be calculated without
simplifications or approximations. Important physical features of the electric field, such
as discontinuities or singularities can be modeled very accurately and do not give rise to
numerical problems.
The complicated cladding structure of a photonic fiber usually has many glass/air
and air/glass surfaces, and a large number of discontinuities is expected. This is the
reason why the FEM method was chosen for this work. As an additional mathematical
feature of the FEM method, it converges with a fixed convergence rate towards the
exact solution of Maxwell-type problems. An iterative refinement of the triangulation
provides an easy check to see if numerical results are trustworthy [73]. For complicated
geometrical structures the finite element method is faster and more accurate than the
plane wave expansion method, whose ansatz functions (plane waves) are defined over
the whole computational domain. In contrast, the FEM method uses localized ansatz
functions. Using the plane wave expansion method a very large number of plane waves
are necessary, in order to approximate a solution with discontinuities. This will result
in a low convergence rate and large computational times [76].
3.2.2 The mode solver and the written code
For this work a commercial software package, namely JCMsuite [77], was used to solve
the propagating mode problem. The software is optimize for scientific applications in
optics. The software is developed at the Zuse Institute Berlin (ZIB) and is distributed
by JCMwave [78]. All calculations presented were performed with a self-produced code
written in Matlab.
The mode solver
The main advantage of the FEM implementation in JCMwave is the optimized computa-
tional effort compared to other mode solvers. To improve the accuracy and to reduce the
computational time the software uses high-order edge elements, a-posteriori error con-
trol, and adaptive and goal-oriented mesh refinement [72, 76]. This allows for calculating
the properties of a photonic fiber on a single computer. All calculations presented in this
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work are computed on a single desktop computer with a Quad-Core processor. It is an
intrinsic feature that an FEM calculation uses a rather large amount of random access
memory (RAM). Since every finite element needs a certain amount of memory, more
available memory results in more elements being evaluated and eventually in a more
precise result. For a complex photonic structure as shown in Fig. 3.2 a total number of
some 106 elements is sufficient, which requires a RAM memory of about 8-10 gigabyte.
The actual amount of memory needed, also depends of the order of the elements and on
the number of refinement steps. One mode-solving step for one wavelength is usually
done in about half an hour.
Written code
The commercial software only provides a mode solver with a Matlab interface. To
actually calculate the guiding properties of the fiber, the computational problem needs
to be prepared for the solver, the mode solving needs to be repeated for all wavelengths
of interest, and the calculated data must be post processed. The written code provides
an exact description of the geometrical structure. The material is specified for every
point in the computational domain Ω. In the produced code this description is realized
by a series of iterative polygons Fig. 3.2 (b) shows a color coded representation of this
description. The parameters defining the structure are:
• core diameter
• thickness of the first wall next to the core
• number of cells per cladding ring
• number of cladding rings
• chirp parameter (ratio of the diameter of the n-th and the n+ 1th ring)
• axes ratio, to control the elliptic cladding cells
In a next step, the triangulation sub-package is employed to calculate a proper trian-
gulation of the structure as shown in Fig. 3.2 (d). The received triangulation is passed
to the solver-package to solve the propagating mode problem for this structure. As de-
scribed in Sec. 2.4.4 and Sec. 2.4.3, a photonic fiber usually features not only a single
propagating mode, but a number of guided modes at the same wavelength, each with
a different effective refractive index, c.f. Fig. 2.3 and Fig. 2.4. Additionally the FEM
solver cannot distinguish between degenerated modes and returns them as two separate
solutions. Figure 3.3 shows a selection of the calculated modes for a PCF at a single
wavelength. The first step of the post-processing is to filter the fundamental mode in
the core.
Figure 3.3 shows some modes calcultated at 760 nm. The real and imaginary part
of the refractive index as well as the fraction of field intensity guided in the core (core
fraction) is listed in Tab. 3.1. The modes guided in the core are identified by the core
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Figure 3.3: Selection of the calculated propagating modes in a PCF at 790 nm. The
solutions are taken from a set of 60 solutions for the eigenvalue problem
ordered by the absolute real part of the corresponding refractive index.
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Figure 3.4: Left: Fraction of energy guided in the glass structure compared to the core
in percent. This quantity allows for the identification of the modes guided
in the core of the structure. Right: Losses of different propagating modes
in dB/m. Because the data was taken after only one refinement step, the
results are not accurate and the fundamental mode cannot be distinguished
from the others.
fraction, Fig. 3.4 plots the core fraction as a function of the ordering number of the mode;
the nine core modes can be identified by their core fraction values above 95 percent.
In a last step, the fundamental mode has to be identified from the selected core modes.
Theoretically, the fundamental core mode can be found by comparing the losses (the
fundamental mode has the lowest loss) or by a symmetry check. The symmetry check
is more robust and can be applied at earlier stages of refinements, which reduces the
computational costs. If the FEM method has not fully converged, the imaginary part of
the refractive index is not very accurate and cannot be used to distinguish between the
modes. Figure 3.4 shows the losses of the calculated modes after one refinement step, one
of the core modes shows extraordinary low losses. For the symmetry check, the integrated
intensity of different core segments is calculated and compared. The fundamental mode is
the only mode where every ring segment at a distance r has less intensity than segment
r +  and simultaneously all ∆φ segments have the same integrated intensity. When
fundamental mode is found the FEM solver performs more refinement steps, with only
this fundamental mode until the algorithm converges to its final accuracy. This way the
computational effort is reduced to a minimum. By repeating this calculation for many
wavelengths, β is calculated as a function of ω. The calculated β(ω) has to be precise
enough and the wavelength steps have to be small enough so that the second derivative
with respect to ω can be calculated with a sufficient signal to noise ratio [59]. Usually a
step-width of 0.1-0.5 nm is sufficient in the vicinity of cladding resonances, the step-width
needs to be reduced. To compensate for geometrical deviations from the ideal structure
with the fiber length, the calculated β2 is convoluted with a Gaussian [49, 50]. The loss
of the fiber is calculated from the imaginary part of the effective index calculated for the
fundamental mode, c.f. Eq. 2.26.
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mode number < (neff) = (neff) core fraction
4 1.0050 1.3896 10−5 0.00032
13 1.0030 7.9723 10−6 0.00059
23 0.9996 8.3469 10−10 0.99898
24 0.9995 1.6142 10−6 0.00094
27 0.9983 1.0714 10−8 0.99165
32 0.9981 1.9073 10−8 0.99455
35 0.9977 2.9692 10−8 0.13227
38 0.9969 4.0860 10−6 0.00589
39 0.9969 7.7340 10−6 0.00926
40 0.9964 1.1976 10−5 0.00921
41 0.9963 6.5961 10−9 0.99507
45 0.9957 1.1333 10−4 0.00009
47 0.9957 1.2233 10−4 0.00006
53 0.9955 3.9793 10−10 0.99575
59 0.9952 7.2285 10−9 0.98595
Table 3.1: Properties of propagating mode solutions in a CPCF calculated at 790 nm
with the FEM solver of JCMwave. The calculation was performed with one
adaptive refinement step.
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4 Dispersion management in a photonic
crystal fiber
This chapter introduces the concept for a new class of photonic crystal fibers. The idea
is to slightly change the geometrical dimensions of the microstructured cladding in radial
direction to change the dispersion properties. The term chirped photonic crystal fiber
(CPCF) is used to describe such a hollow core photonic fiber with a microstructured
cladding where the geometrical cladding parameters are changing in radial direction. In
the first part of this chapter, the guiding properties are investigated and explained by
means of numerical simulations. The second part presents experiments which demon-
strate the enhanced capabilities of this dispersion optimized CPCF for ultrashort pulse
delivery.
4.1 Introduction
In the past decade, photonic crystal fibers have revolutionized the field of lightwave
technology, enabling control of the linear and nonlinear optical properties of fibers to an
extent impossible with conventional fibers [9, 34, 36, 80–83]. A particularly interesting
class of such fibers are hollow-core fibers (HCFs, [84]). In these fibers, the light is effec-
tively confined to an air-filled core surrounded by a regular periodic photonic cladding.
Depending on the photonic crystal properties of the cladding, the guiding mechanism is
either photonic bandgap guiding, c.f. Sec. 2.4.3, or quasi guiding, c.f. Sec. 2.4.4. Given
the high index contrast between air and glass, a guiding bandwidth of up to 100 nm is ob-
tainable with losses well below 1 dB/m [47, 85]. It has been discovered that interactions
of the core mode with interface modes guided in the first material ring are detrimental
to the transmission of the fiber and therefore must be avoided to attain such excellent
transmission properties [47, 86–88].
As there is only little overlap of the guided mode with the surrounding glass structure,
the hollow-core concept enables very small nonlinearities, which makes these fibers highly
interesting for guiding ultrashort pulses, i.e., less than 100 fs duration. Such pulses would
otherwise immediately suffer from excessive nonlinear optical effects in a glass core. So
far, improvements of HCFs have mainly targeted the losses of such structures. However,
one disadvantageous aspect of nearly all HCF concepts discussed to date are their dis-
persion properties. As material dispersion is nearly negligible in these structures, the
dispersion is dominated by the strong third-order dispersion of the resonant waveguide
structure [85, 89]. In fact, while the second-order dispersion of these fibers is vanishing
for one particular zero dispersion wavelength in their transmission band, their third-
order waveguide dispersion is only about one order of magnitude weaker than that of
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Figure 4.1: Left: Concept of an equidistant air/glass Bragg-fiber, which is used as a
model system to explain the dispersion properties of chirped photonic crys-
tal fibers. The number of layers, and the effect of their spacing and their
thickness is investigated. Right: A realization of such an air/glass Bragg
fiber with nano-support bridges between the glass rings [79].
bulk glass. While third-order dispersion is of little concern for the guiding of picosecond
pulses, pulses of 100 fs duration or less experience strong temporal broadening in such
fibers, devaluing the usefulness of the hollow core concept. Recently, several suggestions
were made to overcome this inherent weakness of the HCF. Couny et al. have proposed
guiding in a photonic crystal fiber that has no photonic band gaps [48]. Their fiber con-
sists of a periodic Kagome structure and exhibits very wide quasi-guiding bands with
little dispersion (β2 ≈ 22000 fs2/m and β3 ≈ 104 fs3/m at 800 nm wavelength). In terms
of dispersion, the performance of the Kagome structure is surpassed by the CPCF pre-
sented here. Both approaches do not employ a photonic band gap for guiding. Quite
clearly, also, both new concepts trade the low losses possible with conventional HCFs
for improved dispersion characteristics.
In the following section, a detailed theoretical analysis of the guiding properties of
chirped photonic crystal fibers, as used in Ref. [50] is presented and the potential of
modified geometries for further improvement of such structures is analyzed. The anal-
ysis starts with an investigation of the dispersion properties in a perfectly symmetrical
structure consisting of several free standing glass rings. Figure 4.1 (left side) shows such
a structure used in the theoretical model, while the right side shows a real fiber following
this concept realized by Vienne et al. [79]. In a first step, more and more rings are added
while the dispersion and losses are monitored, then the thickness and the spacing of
the cladding rings are modified in order to reveal the basic mechanisms influencing the
guiding properties and to identify key-parameters for future fiber designs. The findings
of this hypothetic structure are then applied to a more realistic adaption of the real fiber
designs and an FEM method is employed to accurately calculate the guiding properties
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Figure 4.2: Left: The real part of neff(λ) for the capillary (black line) and for a 1-ring
structure (d1 = 157 nm, red line) with a 11µm core diameter and wavelength
dependent loss for the capillary (0), and for 1, 2, and 3 rings of 157 nm
thicknesses at a spacing of 7.19µm obtained from the radial transfer matrix
method. The numbers next to the loss lines indicate the number of cladding
rings. Right: The GVD of the capillary (red line) and of the single ring
structure (black line). The GVD curves for the second and third ring added
cannot be distinguished from the single-ring structure.
of a CPCF.
4.2 Analysis of the guiding properties of a chirped Bragg fiber
For a deeper analysis of the guiding properties of chirped fiber structures, first the theo-
retical model is reduced to a much simpler system, that can be analytically understood.
This system is a set of free-standing glass rings building a radially symmetric Bragg fiber
as sketched in Fig. 4.1. In a second step the effect of a geometrical chirp on the optical
properties in this simple hollow-core waveguide geometry is investigated.
Many variants of fibers similar to the free standing Bragg fiber, mainly employing
dielectric layers rather than glass and air interfaces, have already been theoretically ex-
plored and the mathematical are ready-to-use [90–93]. This is exploited in the following
to give a basis for describing the CPCF. Because the waveguide modes are obtainable
from the solution of a transcendental equation, accurate results are readily available. The
radial transfer matrix method [90, 94], extended to the treatment of leaky modes [93, 95],
is used to obtain the dispersion relation β(ω) with the complex propagation constant β
and the effective index neff of the modes HEmn, EHmn, TE0n, or TM0n. Here m and
n are the azimuthal and radial mode indices, respectively. The cylindrically symmetri-
cal arrangement of alternating refractive index between the values 1 (air) to 1.51 (soft
glass) is subsequently investigated. Focusing only on the principles of hollow-core guid-
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ance in such ring structures and disregarding the effects from the support bridges in a
real structure. This allows for simple but accurate estimation of the guiding properties
in a chirped fiber structure.
The gedanken experiment starts with a single capillary, i. e. an infinitely long circular
air hole of radius ρ inside a glass block. The core resonance condition for the HE11 mode
is approximately given by [90, 96]
(k⊥0 )ρ = j01 ≈ 2.4048 , (4.1)
with k⊥0 the radial wavenumber of the propagating mode and j01 the first zero of
the Bessel function J0. The radial wavenumber k⊥i in the ith layer is given by k⊥i =
((ω/c)2n2i − β2)
1
2 , with the refractive index ni of layer i. The propagation loss of the
waveguide is determined by the imaginary part of β (c.f. Eq. 3.6), c.f. Sec. 2.2. The loss
of the HE11 mode in the discussed capillary is given in a very good approximation [97]
by the equation:
α = =(β) =
(
j01c
ω
)2
ρ−3
 12(n21 + 1)√
n21 − 1
 , (4.2)
For a wavelength of 800 nm and a capillary with 11µm core radius, the resulting loss is
more than 500 dBm−1. Figure 4.2 depicts the dispersion in terms of GVD and neff as
well as the loss of the structure for different numbers of layers. All curves are calculated
from the exact dispersion relation. The loss of the capillary discussed above is referred
to as zero-layer cladding. The obvious conclusion of Fig. 4.2 is that in large hollow core
fibers the group velocity dispersion is small compared to solid-core fibers; at the cost of
transmissivity. One straight-forward means of reducing the radiation losses is to increase
the number of alternating low- and high-index layers with individual thickness di around
this central core [90]. If a particular high- or low-index layer is in antiresonance, the
radiation losses appear strongly reduced due to radial Bragg reflection [90].
One has to distinguish between layers of resonant and antiresonant thickness. In case
of (k⊥i )r >≈ 6, where the zeros of the Bessel function J0(x) are approximately spaced
by pi and for m = 1, antiresonance means [90, 96]
(k⊥i )di = (2l + 1)
pi
2 , (4.3)
whereas resonance refers to
(k⊥i )di = (2l + 2)
pi
2 (4.4)
with l being a non-negative integer. The case with l = 0 is named the first anti-resonance.
Vectorial effects of the hybrid HEmn and EHmn modes at the interfaces, however, lead
to deviations from this ideal behavior obtained for pure TE0n or TM0n modes [90].
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Figure 4.3: Wavelength dependence of the real part of the effective index (left) and of
the losses (right) for the guided HE11 mode in a glass capillary with inner
diameter 11µm and ring thickness d1 = 157 nm (solid black lines) and d1 =
314 nm (dashed black and red lines). In the latter case, two branches of the
dispersion relation coexist, which are indicated in black and red.
4.2.1 Layers of antiresonant thickness
In a first calculation the ring thickness is adjusted according to the antiresonance con-
dition at a free space wavelength λ = 700 nm. The effective index of the system with
different numbers of layers is calculated and shown in Fig. 4.2 with the number of the
anti-resonant layer printed next to the respective line. Obviously, the introduction of
a second layer noticeably changes the dispersion curve. Still, at the design wavelength
(here 700 nm), the real parts of the two computed refractive indices cross because the
core is at resonance while the first ring is simultaneously at anti-resonance, i.e., Eqs. 4.1
and 4.3 are fulfilled at the same time for this wavelength. This condition cannot be
achieved for all other wavelengths, and, as a result, the second interface pushes the
real part of the modal index into its own antiresonance, leading to deviations from the
capillary (zero layers) dispersion. Adding additional alternating glass-air layers of the
appropriate antiresonant thickness does not produce any further noticeable changes in
the real part of the effective index. The loss, on the other hand, is monotonically reduced
by adding more layers of the same antiresonance thickness, as can be seen in Fig. 4.2.
From this calculation follows that in the case of an ideal antiresonant Bragg fiber, the
dispersion is determined by the diameter and thickness of the first layer, while the losses
can be reduced by additional antiresonant layers.
4.2.2 Layers of resonant thickness
Going back to the case of one glass ring in air, if the thickness of this layer is detuned
from the antiresonance, there will be a new wavelength where Eqs. 4.1 and 4.3 are
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Figure 4.4: Wavelength dependent losses for the unchirped Bragg fiber (black curves)
and for the chirped Bragg fiber (red curves) for 2 glass rings (larger loss, top
curves) and for three rings (lower loss, bottom curves).
simultaneously fulfilled, leading to a different crossing point of the two dispersion curves.
Moreover, at this point the largest reflectivity enhancement will occur. One should keep
in mind that the loss of the capillary grows quadratically with the wavelength (see
Eq. 4.2), i. e., shifting the antiresonance wavelength to a larger wavelength does not
always lead to a smaller total loss than at the original antiresonant wavelength.
The most prominent change of the dispersion curve for a single glass ring occurs
if one increases the ring thickness to meet the resonance condition Eq. 4.3 instead.
This ring then acts as a waveguide core by itself, and a new ring-shaped mode with
larger losses for neff < 1 appears. In the region where the core and the ring mode are
simultaneously resonant, these two modes interact and give two separated branches of
the dispersion relation, as is shown in Fig. 4.3. Also, around this wavelength (700 nm)
the loss is dramatically increased for those parts of the branches that asymptotically
converge toward the original, antiresonant ring. However, because the mode in the high-
index ring is (in addition) index guided, the loss vanishes for neff > 1. The general
behavior of the dispersion relation of the glass ring widely resembles anticrossing of
modes in different types of photonic bandgap fibers, e.g., the anticrossing of the core
and surface mode in hollow core fibers, and the one between core and leaky mode in a
solid-core photonic bandgap fiber [98]. Due to the azimuthal symmetry such coupling
only occurs between modes of the same azimuthal quantum number.
Layers of different thickness
In the following, the influence of a systematic detuning of more reflection layers in order
to enlarge the wavelength region of low losses is investigated. Further it is compared
to the “single”-cell approach of many layers designed for antiresonance at the same
wavelength. Depending on the spectral region of interest, one could design a chirped
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Figure 4.5: Structure of a chirped photonic crystal fiber. Left: Scanning electron micro-
graph of a manufactured fiber [50] (details in Sec. 4.5.1). Right: Schematics
of the geometric model used in the FEM calculation. The light gray areas
indicate glass around the hollow core. Hollow regions of the cladding are
marked in green. The geometrical objects are defined in a polygonal format.
structure where the first layer is antiresonant at a certain wavelength, the second one at
a second (larger) wavelength, and the third one for yet another larger wavelength. Sim-
ilar chirping has been employed in different photonic structures such as waveguides [99]
and mirrors [100, 101]. The use of chirping in Bragg fibers with a solid core was also
investigated [102]. None of the previous approaches pursued had the purpose to spec-
trally distribute detrimental dispersive resonances and neither of these effects appears to
play a role in hollow-core photonic crystal fibers. This argument can be understood by
comparing the original unchirped Bragg fiber (Fig. 4.2) with two glass rings and three
glass rings to a chirped Bragg fiber, where the first ring is unchanged (antiresonant at
700 nm), the second glass ring is antiresonant at 800 nm, i.e., d = 176 nm, and the third
one in the three ring-structure is antiresonant at 900 nm, i.e., d = 199 nm. Because
the real part of the effective refractive index is mainly given by the air core resonance
condition, the air rings of constant thickness of 7.19µm are automatically antiresonant,
as one can see from Eqs. 4.3 and 4.4. The results are shown in Fig. 4.4. One clearly sees
the intended behavior of decreasing the losses at 800 nm and 900 nm compared to the
unchirped fiber, yet at the expense of increased losses for 700 nm. However, the absolute
values of the loss at the longer wavelengths are still higher than for 700 nm due to the
general trend of larger losses at longer wavelengths [see Eq. 4.2]. Additionally, given the
large bandwidth of the antiresonances, the low-loss bandwidth is already relatively large
in the unchirped structure. Therefore, the effect of a wavelength spacing of 100 nm for
the chirping of the structure is not very pronounced. Obviously, design wavelengths of
700 nm, 1000 nm, and 1300 nm appear to be more useful because this would lead to a
more substantial increase of the bandwidth.
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4.3 Accurate calculation of a chirped fiber
For a more qualitative analysis of the CPCF fiber structure a finite element method is
used, c.f. Sec. 3.2. The FEM provides a very efficient and accurate way to calculate
the complex effective refractive index of a PCF. Figure 4.5 shows the used geometrical
abstraction of the fabricated chirped fiber compared to a micrograph of a fiber sam-
ple. The computational costs were considerably reduced, taking advantage of the two
orthogonal mirror symmetry planes (x = 0, y = 0) of the ideal structure. The effec-
tive refractive index was calculated in a 200 nm band covering the typical Ti:sapphire
wavelength. Typically, such sequences exhibit many narrowband resonances as shown
in Figs 4.6 (a)-(d). While the losses between the resonances are as low as 0.3 dB/m,
this value increases to some 20 dB/m exactly on resonance. On resonance, the numerical
simulations clearly identify localization of the mode field in the one ring of the structure.
Local dispersion properties and resonance modes
This mode resembles the occurrence of whispering-gallery modes in related geometries.
Similar findings have also been discussed as surface modes in slightly different geome-
tries [47, 87, 88]. To further support this assumption, the matrix method is employed
to analytically calculate the dispersion relation of the fundamental mode of a ring with
a radius of 11.0µm and a thickness of 500 nm. With the quantum number m = 59, the
mode pattern depicted in Fig. 4.6 (d) is calculated. It shows a strong similarity to the
mode field pattern in Fig. 4.6 (b) with a node in radial direction in the ring center. The
corresponding ring mode shows 2m field maxima on the circumference of the ring. In
particular, the spacings between subsequent maxima of these modes are nearly identical
in the FEM calculation and in the analytical model. Nevertheless, due to the azimuthal
inhomogeneity of the real structure in Fig. 4.6 (b), there is strong coupling between
the mode guided in the core and the ring mode. Additionally, the mode guided in the
innermost ring of the glass structure shows leaking into the outer cladding regions. The
described leaking is shown in the video-file [103] in Ref. [50]. In combination, these two
mechanisms explain the spectral localization of losses with the appearance of resonances
in the modes of the innermost ring of the fiber structure.
To further investigate this effect, the spectral spacing of the different modes of the
first ring (which can couple resonantly) is calculated, i. e., with the same propagation
constant (or equivalently with the same effective index) as the core mode. Due to
the large core, the effective index of the CPCF does not change significantly with the
wavelength. Therefore a constant effective index of neff = 0.9997 is used to obtain the
wavelength of ring modes of different azimuthal quantum number and different number
of nodes in radial direction. The same analytical method as in Sec. 4.2 is used. For the
first-order ring mode, a wavelength spacing of 6 nm between m = 100 and m = 101 is
obtained. There is another mode with m = 95 and m = 96 with a wavelength spacing
of 5.7 nm at an offset of 1nm. Finally, a higher-order mode [see Fig. 4.6(d)] is found
with m = 59 and m = 60 and one radial node in the ring center, with a wavelength
spacing of the resonances of 4.7 nm at another offset. Consequently, for the CPCF one
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Figure 4.6: Mode fields in the vicinity of a resonance of the innermost glass layer (a)
one wavelength step below resonance (λ = 712.8 nm), (b) at resonance (λ =
713.4 nm), (c) one step above resonance (λ = 714 nm). (d) Analytically
computed mode pattern of the m = 59 mode of a dielectric ring structure
(n = 1.51) with 11µm core radius and 500 nm thickness. Color coding
indicates the modulus of the electric field on a linear scale. In regions of
very low losses, the field distributions are much more concentrated to the
hollow core of the CPCF.
can expect a wavelength spacing of the strong resonances caused by modes of the first
ring in the range of 1 nm to 6 nm. On the other hand, the coupling strength of the core
mode to these ring modes strongly depends on the variation of the dielectric structure
in azimuthal direction, in particular on the Fourier decomposition of these variations.
Therefore, the different ring modes lead to different resonance strength. In the numerical
simulations of the CPCF shown in Fig. 4.7 this simple model is confirmed by the exact
numerical simulation of the real structure. Figure 4.7 shows the energy fraction guided
in the core, which allows for the identification of the spectral position of the cladding
resonances. The spectral spacing as well as the different resonance strength is confirmed
to be compatible with the above findings.
Global dispersion properties
Regular HCFs are operated in the photonic bandgap of the periodic cladding. Hence, the
only photonic states are localized states at defects (surface mode, core mode) [47, 86–88].
In contrast, in the non-periodic cladding many local defect modes exist, which is similar
to photonic quasi-crystals [104]. These defects may also appear deeper in the cladding,
which also leads to a much narrower wavelength spacing. However, these modes lead to
smaller resonances than the modes of the first ring, which makes them of less impor-
tance for the total dispersion of the fiber. Figure 4.8 shows the prototypical behavior
of the dispersion and the loss in the immediate vicinity of one mode of the innermost
ring, further illustrating the major influence of these resonances on the propagation in
CPCFs. Quite clearly, the occurrence of a transmission dip is accompanied by a charac-
teristic strong peak of the imaginary part of the refractive index [cf. Fig. 4.8 (c)], which
coincides with the appearance of a ring mode with index m. Crossing this resonance,
the light guided in the core also switches modes, as is indicated by different colors for
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Figure 4.7: The energy fraction guided in the core calculated for a support thickness of
d = 400 nm. Several cladding resonances can be identified and their spectral
spacing is found to be in the range between 1 and 6 nm is confirmed.
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Figure 4.8: Characteristics of a narrowband resonance in a CPCF. (a) Real part of the
refractive index (red and black line, left axis) and field content of the hollow
core region (blue line, right axis). Red and black colors of the real part of the
refractive index indicate the transition between different modes at resonance.
(b) Second-order dispersion β2(ω). (c) Losses of the fiber.
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the real part of the effective index in Fig. 4.8 (a). Clearly, the transmission dip also
manifests itself with light guided in the cladding, see Fig. 4.6 (b) and dotted line in
Fig. 4.8 (a). Finally, Fig. 4.8 (b) illustrates the consequences of the sharp resonances
on the resulting dispersion of the fiber, which may exhibit extremely large values |β2| in
excess of 1000 ps2/mm. It is noteworthy, that the smallest variations of fiber geometry
will immediately lead to a shift of the resonances. Considering that the resonance width
is well below a nanometer, a variation of the radius on the order of 1% will already lead
to substantial changes, which translates into mechanical tolerances of a few nanometers
for the fiber geometry, a precision that is certainly impossible to maintain in a fiber
drawing process and which also explains why such sharp resonances could not be ob-
served in experimental investigations of the fiber dispersion. Structural variations may
occur, both due to small longitudinal variations of the fiber geometry during the drawing
process as well as to deviations from a perfect 30-fold rotational symmetry. Experimen-
tal investigations [50] also indicate that both contributions appear to be of about equal
importance. For a more realistic description of the propagation behavior in CPCFs and
to account for geometrical variations of the fiber during the drawing process, therefore
the procedure originally described in [50] is used to account for geometry variations. For
this purpose, the simulation results are convolved with a Gaussian of 10 nm full width at
half maximum, which has lead to a good agreement between numerical simulations and
measured values [49, 105, 106]. Appearance of ring-mode resonances is the key effect for
understanding the guiding process in CPCFs. As the order of these modes is quite high
and because many rings actually contribute to the resonances, there is in fact a large
number of such sharp resonances distributed over the entire transmission wavelength
range of such a fiber. However, as the CPCF structure does not employ identical cells,
the resonances cannot compound, and realistic structure size variations further serve to
smear out the resonances, lessening any detrimental effect that may arise from them at
the expense of an increased overall loss background. The wavelength-dependent losses
and also the dispersion must therefore be understood as being governed by the spectral
density of the ring-mode resonances rather than stemming from the spectral dependence
of one localized mode. While CPCF designs can easily be adapted to avoid the occur-
rence of a particular resonance at any given wavelength, one ultimately seeks for designs
that avoid the occurrence of such resonances over as wide a wavelength range as possible.
In the following section, it is discussed whether and how global design parameters, such
as the chirp or duty cycle of the structure, can be used to modify the guiding properties
of the fiber designs.
4.4 Geometry dependence of the guiding properties
For further understanding of the guiding process a series of numerical simulations, in
which two primary parameters of the geometric structure were varied, are performed.
In the first series of simulations, the air fill factor of the structure is changed, i.e., the
wall thickness d of the glass tubes is varied, c.f. Fig. 4.9. In the second series, the cell
ellipticity, i.e., the ratio of radial and azimuthal axes of the unit cells is varied, Fig. 4.10.
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Figure 4.9: Numerical calculation of (a) β2(ω) and (b) the loss of different CPCFs with
varying wall thickness d in the design. red: d = 300 nm, blue: d = 400 nm,
black: d = 500 nm.
These simulations are carried out over a 200 nm bandwidth with a 0.4 nm step size and
have been convolved with a 10 nm Gaussian, as discussed above.
Figure 4.9 (a) shows the resulting dispersion profiles with maximum excursion that
have now been appreciably reduced to the range from −100 to +100 fs2/mm, which
must be compared to the ps2/mm scale employed in Fig. 4.8 (b). The largest excursions
appear exactly at the locations of transmission dips and often exhibit a characteristic
dependence resembling the sinc function, which has also been observed in experimental
investigations [50]. These examples further confirm that not only the circumference
of the first glass ring influences the position of the resonances but also the width of
this structure. Nevertheless, the spacing of about 120 nm between these transmission
dips remains remarkably unchanged, furtherer highlighting the importance of modes
propagating inside the innermost ring. For the central 60 nm range in between the
dissipative resonances, typical losses of 0.28 ± 0.2 dB/m are observed together with
dispersion values β2 = −1.5 ± 0.8 fs2/mm. These values as well as the strength of
the resonances show little systematic variation with the parameter d (ring thickness),
underlining the robustness of the CPCF concept against manufacturing variations.
In a second series of numerical simulations the ellipticity of the unit cells is varied, see
Fig. 4.10. To characterize the ellipticity, the ratio of azimuthal and radial axis of the unit
cells of the cylindrical lattice, da and dr, respectively, is used. The geometry parameter
is defined as χ = da/dr. Values 0 < χ < 1 are defined with the major unit cell axis being
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Figure 4.10: Calculation of β2(ω) (a) and loss (b) of a CPCF in dependence of the ratio of
azimuthal and radial axis of the unit cells χ. blue: χ = 0.8, black: χ = 1.2,
red:χ = 1.9.
the radial axis dr; χ > 1 indicates tangential orientation of the major axis of the unit cell.
These simulations indicate a similar behavior as in Fig. 4.9 (a), with characteristically
shaped dispersive resonances spaced at about 120 nm. Yet one noticeable trend in these
simulations is the growing roughness of the dispersion in between the resonances for
decreasing χ. In the case of lowest χ, it is difficult to differentiate between resonances and
transmission bands as the dispersion generally shows many excursions; the transmission
is generally quite low and lacks characteristic dips unlike all other cases discussed before.
Nevertheless, these exemplary structure variations further confirm that the global
spectral behavior of the transmission properties is mainly ruled by the occurrence of
resonances of modes localized in the innermost glass ring of the structure. Even quite
massive structure variations appear to have remarkably little influence on the spacing
of the resonances, on the loss and dispersion in between them, and on the characteristic
shape of the dispersion on resonance. Therefore the CPCF concept appears rather robust
in terms of manufacturing errors. In fact, small variations of the ring thickness of the
fiber geometry during the drawing process appear to be of major importance for ensuring
the smooth dispersion properties of these designs. However, lateral stress resulting in
strong ellipticity must be prevented because this is severely influencing the dispersion
properties of the fiber.
44
4.5 Fiber samples and measured optical properties
Figure 4.11: Left: Scanning electron micrograph of the fabricated fiber. Right: Optical
micrograph of same the fiber. In addition to an illumination of the front
facet, white light was also coupled into the fiber, which guides visible light
at 720 nm and in the blue spectral region.
4.5 Fiber samples and measured optical properties
The previous section discussed the expected guiding properties of a chirped photonic
crystal fiber. The fabrication of the suggested chirped "free-standing-ring" structure
is virtually impossible, although Ref. [79] does report progress for a similar structure
without a chirp. In practical terms, the introduction of a chirp in the photonic cladding
tends to result in unstable, difficult to draw, fiber layouts. However, the concept of
building preforms by using capillaries of different diameter was successful. The suggested
layout in Sec. 4.4 anticipates this issue and the numerical model was chosen based on the
fiber that was eventually drawn. Figure 4.11 shows micrographs of the drawn structure,
fabricated by Julia Skibina (Saratov State University) at facilities of Nanostructured
Glass Technology Comp. in Saratov, Russia.
4.5.1 Fiber fabrication
The fiber is produced using the stack and draw technology [9, 42, 43], which has become a
standard technique to produce PCFs with solid as well as with hollow cores. Figure 4.12
illustrates the fabrication process in a schematic diagram and shows pictures of the
preform preparation process and of the CPCF drawing. In a first step, several capillaries
are produced and stacked together to build the raw preform. This raw preform [Fig.4.12
(a)] already resembles the desired geometrical layout of the final drawn fiber, however
its diameter is still in the 10 cm range. In the case of the CPCF, the raw preform is built
from capillaries with different diameter. The preform is then heated for the first time
[Fig.4.12 (b)] and the diameter is reduced and fused into another glass tube that will
become the solid glass cladding. This microstructured preform, or cane, is then fed into
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Figure 4.12: Schematic diagram of the fiber fabrication process. (The assembly of the
preform is not shown.) (a) A photograph of a PCF preform as used in the
drawing process. (b) The preform fed into the furnace. (c) The diameter
control and cutting unit.
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the furnace and drawn into the fiber. The drawing usually takes place in a drawing tower
and the hot fiber is drawn vertically. During the drawing process the fiber diameter is
reduced to its final size. Depending on the drawing technique, the fiber diameter could be
reduced stepwise. The fiber diameter and the drawing speed as well as other parameters
are continuously monitored [Fig.4.12 (c)]. Important parameters are: e.g., the drawing
speed, the pressure applied inside the hollow bores to prevent collapsing, the heat of the
furnace, and the fiber temperature. After reaching the intended diameter and structure,
most commercial fibers are fed into a UV coating unit to receive a polymer cladding
to protect the fiber and to make it more robust. Given the technical situation in the
Saratov facility, the coating step must be skipped and the fiber samples are produced
without a polymer coating, resulting in rather fragile fibers.
To create a CPCF, the fiber preform is assembled from five circular layers of glass
tubes of varying diameters, each layer consisting of 30 identical cells. The ratio of inner
to outer diameter of each individual tube is 0.85. The entire fiber structure is made
from the glass C89-1, which is a soft optical glass composed of 72% silica, 16% Na2O
and smaller amounts of CaO, MgO and BaO. This glass is nearly identical to Schott
crown glass K7 [21]. It has the same average refractive index for visible wavelength of
n = 1.519 and also a very similar material dispersion indicated by the Abbe number
V = n(587.6 nm)− 1
n(486.1 nm)− n(656.3 nm) = 60. (4.5)
This glass is chosen for its excellent thermo-elastic properties and its suitability for the
fiber drawing process. Using soft-glass technology, fiber lengths up to 1 km can be
manufactured at the Saratov facility. The micrographs in Fig. 4.11 shows a fiber that is
drawn to a core diameter of 22 µm. Additionally a second fiber is manufactured with a
diameter of 53µm. In the case of the 22-µm-core fiber, a wall thickness of the innermost
ring of a little less than 500 nm is measured.
The fiber geometry received after the drawing process and used for the experiments
in Sec. 4.6.1 and Sec. 4.6.2 consists of a hollow core surrounded by a chirped five-
layer photonic cladding, with each layer comprising 30 identical cylindrical cells. The
geometric average of the cell radius versus layer number varied linearly from 1.35µm to
an outermost value of 2.6µm. In addition to the central bores of the cylindrical cells,
interstitial holes with a diamond-like shape appear. Although there is apparently strong
stress to the individual cell during the drawing process, this does not cause a major
distortion of the global circular symmetry of the fiber. In fact, as careful analysis of
Fig. 4.11 reveals, deviations of the fiber structure from circularity amount to only 2%
of the radius, that is, 250 nm (r.m.s.). The optical micrograph in Fig. 4.11 (right side)
reveals a clean HE11 mode profile, with white light being coupled into the far fiber end
face. It is also indicative of two strong transmission bands in the blue and red spectral
range. Based on measures taken from the micrograph shown in Fig. 4.11 (left side) the
FEM model of Sec. 4.4 has been adjusted to calculate the guiding properties of the real
fiber.
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Figure 4.13: Left: Measured GVD (blue symbols) of the CPCF shown in Fig. 4.11. The
black and the red line represent the numerical results obtained from the
calculations of Sec. 4.4. Right: Measured loss of the CPCF sample (black
symbols) and the numerical simulation (red line). The blue line represents
data of an additional loss measurement with a SC source.
4.5.2 Optical properties
For characterization of the fiber samples, a tunable mode-locked Ti: sapphire laser
(Spectra- Physics Tsunami) is used as the light source. This laser is tunable in the range
from 730 nm to 830 nm and delivers pulses of 100 fs duration over the whole range.
In this range, calibrated loss measurements of the fibers are conducted with the cut-
back method (see also Sec. 3.1.2). Outside this range, the measurements are augmented
with transmission measurements using a white-light continuum source (Crystal Fibres,
Femtowhite). The GVD is measured by spectral interferometry [62]. The method is
explained in Sec. 3.1.1. The scans are statistically evaluated with care, indicating typical
standard deviations on the order of 200 − 300 fs2/m. A small number of 12 individual
measurements have to be discarded, as markedly higher standard deviations indicate
strong variations of laser parameters, most likely due to an atmospheric water resonance
at this particular wavelength.
Figure 4.13 shows the measured GVD (left) and loss (right) data as well as the results
obtained from numerical simulations for the 22-µm-core-size fiber. The measured GVD
data is given as dots with error bars; the measured loss is given as a blue solid line
(from the white-light measurement) or as black crossed (cut-back method). The nu-
merical simulations apply a convolution with a Gaussian of 25 nm width, accounting for
3% geometrical size variations of the fiber. Simulations for two differnt ring thicknesses
are shown. The error bars in the GVD measurement are deduced from the standard
deviation of the total of approximately 250 group-delay measurements for each given
wavelength. The 22µm fiber sample clearly shows a non-vanishing yet still very small
negative dispersion value of about 500 fs2/m. The transmission band of this fiber, how-
ever, encompasses a width of only 50 nm (solid blue line and black symbols, Fig. 4.13).
The spectral loss profile of the measurements presented in Fig. 4.13 shows a good agree-
ment with the profile calculated with the FEM method (d = 400 nm) in Sec. 4.4 (shown
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here as a red line), however, the absolute value of the calculated losses is constantly 10
dB/m lower than the measured loss. The higher real loss is suspected to be caused by
manufacturing imperfections, resulting in random scatting and wavelength independent
light leakage at cladding defects. In fact, the fiber is observed to show visible scattering
on the entire length of the sample.
Compared to other chirped photonic structures [99, 100], the CPCFs do not show any
marked dispersion effect from the chirping itself. In fact, the dispersion of the CPCF
in the transmission band closely resembles that of simple optical capillaries [107]. In
contrast to one-dimensional photonic structures, the main effect of the chirp is spectral
distribution of sharp resonances of the different cell sizes, similar to the effect of the small
geometrical imperfections on the structure, but on a wider scale. The effective mode
field area of this fiber is Aeff = pir2eff ≈ 190µm2 and the light is almost exclusively guided
in air. This results in a negligible nonlinearity for pulses obtained from an oscillator.
4.6 Demonstration of fs-guiding
The main application for a CPCF with a flat dispersion profile is the delivery of ul-
trashort laser pulses on a meter range. Conventional index guiding fibers with their
extremely low losses govern pulse delivery at telecom wavelengths and pulse durations
of several picoseconds over a range of hundreds of kilometers. Photonic bandgap fibers
with their remarkably low losses and engineerable dispersion have proven suitable for
the delivery of different wavelengths and pulse durations of some hundred femtoseconds
and several hundred meters distance. However, the delivery of ultrashort laser pulses
with duration of less than 50 fs, available from many oscillator laser sources, is extremely
challenging with conventional fibers or PCFs. The limiting factors are dispersion and
self-phase modulation. For femtosecond pulses, the SPM is especially a limiting factor;
even moderate average powers result in extremely high peak intensities; and a huge non-
linear phase shift (Eq. 2.3.1) therefore occurs if the pulses are short enough. Hollow core
photonic band gap fibers such as the commercially available HC-800-01 fiber by NKT
Photonics [108] effectively bypass the SPM issue because the electric field is guided in the
core with a virtually vanishing nonlinearity. Taking this idea to an extreme, the hollow
core could be evacuated or flooded with helium to further reduce the nonlinearity.
While exhibiting extremely low losses and an engineerable transmission bandwidth,
the major drawback of photonic band gap fibers is the strong slope of the GVD profile
(see data in Ref. [108]), resulting in a significant third oder dispersion in the order
of 1000 fs3/m. Especially for ultrashort pulses, with less than 100 fs pulse duration,
this TOD has a detrimental effect on the temporal structure of the guided pulse. The
22µm CPCF not only has very small GVD values, but also a flat dispersion profile with
virtually vanishing TOD, which makes the CPCF the ideal fiber for ultrashort pulse
delivery. Figure 4.15 plots the resulting output pulse duration after 1 meter propagation
for the CPCF (black line) and the HC-800 fiber (red line). This calculation illustrates
the pulse delivery capabilities of the different fiber types. The CPCF clearly reduces the
critical time τc (Tout/Tin(τc) = 2) from 110 fs to 20 fs.
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Figure 4.14: The calculated output pulse duration for different input pulse durations and
a wavelength of 790 nm after 1 meter propagation in a CPCF (black curve)
and an HC-800-01 fiber. The output pulses duration is normalized to the
input pulse duration. The dashed lines show the chritical limit of a two
times longer output pulse.
The following presents of two experiments demonstrating the enhanced delivery capa-
bilities of a CPCF. The first one compares the guiding performance of the CPCF with
the HC-800 fiber. The second experiment demonstrates the guiding of sub-20-fs pulses
employing a pre-compensation setup. Both experiments set the current records for the
shortest pulses delivered over a meter distance [50, 67].
4.6.1 Comparison between the CPCF and a conventional PCF
Figure 4.15 shows the field development during propagation in 20 cm of CPCF and
HC-800-01 for a 50 fs (FWHM) Gaussian pulse. For the simulation, a split-Step Fourier
method (assuming vanishing nonlinearity) has been used. The calculation is based on
the GVD and loss profiles from Sec. 4.5.2. The the zero on the time axis refers to the
relative position of the input pulse in a frame moving with vg of the input pulse. In
agreement with Fig. 4.14, the pulse is not significantly broadened during propagation in
the CPCF, while the temporal profile is completely destroyed within the conventional
PCF. A more detailed analysis of the latter (Fig. 4.15) reveals details of the broadening
effects during the propagation in the TOD dominanted HC-800-01 fiber before the 50 fs
input pulse finally becomes a severely distorted series of pulses with a picosecond time
signature:
• The peak intensity drops to about 50% of the original intensity in the first cen-
timeters of propagation.
• The pulse duration is constantly increasing.
• The pulse broadens asymmetrically in time with some 10 satellites arising at neg-
ative delays, i.e., before the main pulse arrives.
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Figure 4.15: Left: Calculated electric field envelope (normalized) for a 50-fs pulse in an
HC-800-01 fiber at a center wavelength of 800 nm. Right: The same pulse
propagating in a CPCF. For both fibers the detailed dispersion data from a
FEM calculation was used. While the pulse maintains its shape in a CPCF,
the temporal structure changes completely in the HC-800-01 fiber.
A propagation experiment was performed to test the numerical predictions and the
delivery capabilities of the CPCF at their limits. The experiment used a Ti:sapphire
oscillator (Femtolasers femtosource) delivering 13-fs pulses at a repetition rate of 80
MHz; this input pulse duration is even shorter than the critical time τc of the CPCF.
The pulse duration was chosen to allow the dispersive effects of the CPCF to have a
significant influence during the propagation. The pulse duration of these input pulses
was measured with an autocorrelation measurement (shown in Fig. 4.16 as blue curve);
for the input pulse a hyperbolic secant temporal profile was assumed and the pulse
duration has been calculated accordingly. In the first part of the experiment, the pulses
are coupled into one meter of HC-800 fiber. On the left side of Fig. 4.16, the measured
autocorrelation of the output signal (black symbol) is plotted on a picosecond time scale.
The measured autocorrelation shows a remarkable agreement with the autocorrelation
calculated from the field using the model above. As expected, the pulse has changed its
temporal structure completely and a typical triangular shaped autocorrelation appears.
In the second part of the experiment the same input pulses are coupled into one
meter of the 22µm CPCF sample and the output autocorrelation is again recorded.
The measured data is given in Fig. 4.16 on the right hand side on a femtosecond scale.
This time, a completely different effect is observed. The autocorrelation preserves its
bell-shape, and still assuming a hyperbolic secant temporal structure, an output pulse
duration of 25 fs is calculated. Together with the calculations, the assumption that the
pulse shape has not significantly changed is reasonable, especially since measured data
again agrees well with the calculated trace from the split-Step Fourier method. During
one meter of propagation in the CPCF the pulse duration has only doubled and the
excellent pulse shape is preserved. A pulse energy of 1.3 nJ is delivered.
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Figure 4.16: The measured autocorrelation signals after 1m of HC-800 fiber(black curve,
left side), with an output pulse duration of 3.5 ps; and after one m of CPCF
(black curve, right side), with an output pulse duration of only 25 fs. The
blue curves in both graphs show the autocorrelation of the 13-fs input pulse.
The red curves are the calculated autocorrelation traces from the same
model as in Fig. 4.15. The change of the timescale is noteworthy.
This experiment was the first demonstration of guiding in a CPCF and of delivery of
25 fs pulses over a meter distance in a flexible fiber.
4.6.2 Pre-compensated guiding
For the experiments, a CPCF fiber with a core diameter of 26µm and a five layer photonic
cladding was used. The FEM calculations have shown that the slightly increased core
diameter does change the absolute dispersion values, but not the qualitative globally
flat profile which is virtually constant at a value β2 = 0.5 fs2/mm. In particular, there
is no detrimental strong high order dispersion in the wavelength range between 700 and
800 nm as observed in regular hollow core PCFs. Given a one meter length of the fiber
and an extra amount of 500 fs2 for air paths, lenses, and beam splitters, one therefore
roughly estimates a necessary −1000 fs2 second order dispersion to be pre-compensated.
Compared to the large mode area fiber concept of Ref. [109] a 30 times smaller dispersion
needs to be compensated, dispersion oscillations [110] are not expected to play a role, and
self-phase modulation is not limiting the maximum pulse energy. The most effective way
to pre-compensate such a small amount of second order dispersion is the use of chirped
mirrors. Compared to other methods, such as prisms or grating based compensation,
this method does not create unwanted third order dispersion. And, more importantly,
the pre-compensation is readily implemented with no more than 8 bounces off chirped
mirrors, each compensating for ≈ 125 fs2 second order dispersion.
The setup as shown in Fig. 4.17 (right side), consists of a mode-locked Ti:sapphire
laser oscillator, the dispersion pre-compensation, and the CPCF with its coupling op-
tics. Beam splitters are used to enable characterization of the pulses from the laser and
after transmission through the fiber. The oscillator generates 14 fs pulses at a repeti-
tion rate of 75MHz with a pulse energy of 2 nJ, which translates into peak powers of
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Figure 4.17: Left: The setup required to pre-compensate 1.6 meter of commercial LMA
fiber (picture taken from Ref. [109]). The setup employs 52 bounces off dis-
persion compensating mirrors and two prism pairs. Right: The setup built
to pre-compensate 1 meter of CPCF. This setup requires only 8 bounces off
dispersion compensating mirrors.
700 kW at the laser output. In order to ideally match the guiding window of the CPCF,
the center wavelength of the oscillator was shifted to 755 nm, i.e., 40 nm below the cen-
ter wavelength of Ti:sapphire gain. Coupling was accomplished with molded aspheric
lenses in order to keep dispersive contributions to a minimum. The total transmission
efficiency of the system, including mirror losses, coupling losses, and guiding losses of
the fiber, was measured as 8%, with a total delivered power of 10mW after the fiber.
These values can be significantly improved using fibers with larger diameters, as already
indicated in [50]. A further reduction of the losses to the theoretical limit of approxi-
mately 5 dB/m [111] appears possible by improved manufacturing technologies, therefore
reducing the scattering losses inside the hollow core of the fiber.
The input to the delivery system as well as the output from the fiber were carefully
characterized by measurements of the interferometric autocorrelation and of the optical
spectrum. The interferometric Autocorrelation allowed for a relatively quick comparative
scannig over many different chirped mirror combinations. The measured interferometric
autocorrelation of the shortest delivered pulses is shown in Fig. 4.18 (a). Figure 4.18 (b)
shows the spectral power density of the input pulse (red) and the delivered pulse (black).
Comparing the two power spectra, one finds that the laser spectrum appears shifted by
about 5 nm towards the red and that there is also a slight reduction in bandwidth, which
sets a limit to the obtainable pulse Fourier-limited pulse duration at 17 fs, as shown in
Fig. 4.18 (c) as the red curve. The shift is well explained by the asymmetric loss profile
of the CPCF sample, which effectively shifts the center wavelength.
In addition to the changed spectrum, the measured IAC after fiber propagation is a
further indication that the temporal pulse structure has slightly changed. Considering
the pre-compensation and re-compression during the fiber propagation, many changes in
the temporal structure could be expected. For further analysis of the modified temporal
structure at the output, the intensity autocorrelation was extracted from the measured
traces and then a reconstruction similar to the PICASO method [70] was employed, c.f.
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Figure 4.18: (a) Interferometric autocorrelation signal measured after the propagation.
(b) Power density before (red) and after (black) the CPCF. (c) Intensity
autocorrelation signals extracted from the measured signal (blue) and cal-
culated for the reconstructed pulse shape (black dots). (d) Reconstructed
temporal pulse shape (black) and the bandwidth limited pulse (red) calcu-
lated from the spectrum shown in (b).
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Sec. 3.1.3. This algorithm iteratively fits a phase to the measured spectrum in order to
match the calculated with the measured correlation function. Such pulse shape retrieval
is certainly not expected to be unambiguous. Yet, given the close proximity of the pulses
to their bandwidth limit, a much more reliable estimate of the pulse duration is than
simple assumption of a fixed pulse shape is expected. For example, simple assumption of
a hyperbolic secant pulse shape leads to an estimated pulse duration of 19 fs. Results of
the phase retrieval are shown in Fig. 4.18 (d), indicating a pulse duration of 19.4 fs, which
is only 15% above the Fourier limit and the shortest pulse duration ever transported
through a fiber. The analysis indicates the presence of only a small satellite pulse,
carrying less than 10% of the pulse energy. Compared to previous examples of fiber-
based pulse delivery, the pulse contrast has to be considered excellent, with only small
traces of a continuum background and no indications of pulse fragmentation. Despite
the transmission losses of the fiber, a peak power of 50 kW is therefore still delivered
at the end of the fiber, i.e., a value that would have caused severe distortions in any
solid-core fiber.
4.7 Conclusion and outlook
This chapter has introduced the idea of a CPCF and presented a theoretical model to
understand the unprecedented guiding properties. Even for a quasi-guiding fiber, the
dispersion (β2(ω)) of this fiber is remarkably small and in the range of a few fs2/mm. Ad-
ditionally, the fiber shows a flat dispersion profile in a transmission band at Ti:sapphire
wavelengths. An FEM-based modeling has been proven to allow for accurate and effi-
cient calculation of the guiding properties over a vast wavelength range. High precision
GVD and loss measurements are presented, which show a very good agreement to the
calculated guiding properties. Two experiments have been performed to test the ultra-
short pulse delivery capabilities of the CPCF. The propagation of bandwidth-limited 13
fs pulses has confirmed all previously measured guiding properties and the experimental
results agree with a split-step Fourier calculation. Finally, the CPCF is used in a pre-
compensation setup to further reduce the delivered pulse duration. With such a setup,
the delivery of sub-20 fs pulses has been demonstrated, which is a new world record for
the delivery of an ultrashort pulse in a fiber.
The CPCF samples used in the experiments show relatively high losses of about
5 dB/m, however, the theoretical limit for the loss is much smaller. Improvements of
the fiber fabrication process will improve the loss and bring them into the calculated
range. Already, the demonstrated transmission of some 10% offers an easy but not very
efficient way to deliver ultrashort pulses into experiments. Clearly the transmission ef-
ficiency needs to be improved, which is only an engineering problem. The propagation
experiments were mainly directed towards pushing the possibilities of distortion-free
delivery of ultrashort pulses through flexible waveguides. While a few years ago such
femtosecond pulse delivery was limited to 100 fs pulse durations and above, the described
scheme of combining an ultralow-dispersion hollow fiber with chirped mirrors has pushed
the capabilities by a factor 5 into the sub-20 fs regime. The concept is readily scaled
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to higher powers. While CPCF at this stage may still appear unsuitable for therapeu-
tic methods in medical applications or material processing in industry, its potential in
terms of temporal resolution lies at hand, e.g., for near-field optical probes, multi-photon
imaging techniques or medical diagnostic applications relying on multi-photon excitation.
Specifically designed hollow-core fibers therefore open a perspective for applications of
femtosecond pulses that are unaccessible to fixed and unflexible arrangements on optical
tables.
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fibers with a liquid core
This chapter explains an idea to control the nonlinearity in a photonic fiber. Experiments
with a water-filled photonic fiber are presented. These experiments have been performed
to test a theoretical model describing the generation of a high-power supercontinuum
developed by Anton Husakou and Joachim Hermann. The details of this model are
explained and experimentally verified.
5.1 Introduction
A broadband, white-light source produced by high-intensity light pulses propagating in
various media is a common definition for the term supercontinuum found in a photonics
dictionary [112]. Additionally a supercontinuum exhibits high spatial and spectral co-
herence. The term itself is not restricted to a special kind of underlying nonlinear effect
nor is a minimum bandwidth defined. For this work, a white light pulse with a width
of at least one optical octave measured at -70 dB below peak is defined as a supercon-
tinuum. The octave is motivated by an important application: f -to-2f interferometry.
The -70 dB limit is a common dynamic range of most optical spectrum analyzers.
The generation of supercontinua with ultrashort laser pulses started in 1970 with
the work of Alfano and Shapiro [113], enabling the generation of coherent white-light
laser beams encompassing one to several octaves of bandwidth [114]. Within the last 4
decades, consecutive decreasing of available pulse duration, increasing peak power, and
the development of new materials have allowed supercontinua generation to be reported
for many different geometries:
• SC generation in bulk solid or liquid media [115–117],
• SC generation in gas-filled hollow-fibers [58],
• SC generation in filaments [118],
• SC generation in nanowires [119],
• SC generation in tapers [120],
• SC generation in photonic crystal fibers (PCFs) [34, 36, 121].
Different nonlinear effects are involved in supercontinuum generation in different mate-
rials. The pulse duration and the pulse energy are also important parameters. Even the
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same material can host different nonlinear effects. The generation of SC by picosecond
pulses in water observed by Penzkofer et al. [122] shows different characteristics than the
generation of SC in a water-filled photonic fiber as reported in this work. Compared to
other systems, a fiber features a longer and higher confinement of the light. This results
in more spectral change for comparable input parameters. Supercontinuum sources are
already available as industrial products and are used in industrial processes as well as
in many areas of modern science.The applications include optical coherence tomogra-
phy [123], frequency metrology [34, 124, 125], and optical sensing [126, 127]. For many
of these applications, guided fiber geometries are strongly favored and most commercial
devices use either diode- or fiber-lasers directly coupled into the SC generating fiber.
For supercontinuum generation, a solid core fiber with a very small core diameter
is usually used. In such a fiber, the light mode is confined to an area of only a few
µm2 and the core can be doped to increase the nonlinearity. Additionally, the spatially
confined mode in a single-mode fiber prevents a nonlinearly induced spatial break-up of
the beam [128] and allows for a more efficient exploitation of nonlinear optical effects,
than spectral broadening in a bulk or liquid media does. In particular, supercontin-
uum generation in solid-core PCFs garnered extraordinary attention [34]. In PCFs, the
supercontinua are generated by soliton fission [35], c.f 2.3.4. This allows for a large
range of applications. A detailed review is found in Ref. [121]. Furthermore, soliton-
induced SC generation has proven extremely successful for obtaining bandwidths that
may encompass up to 4 octaves [129, 130].
The weaknesses of this concept are its lack of scalability and its restriction on oscillator
pulse energies. Scaling of pulse energies into the microjoule regime is limited by the
small fiber diameter and optical damage of the core material. Since soliton-induced SC
generation relies on anomalous dispersion above the pump wavelength, it is intrinsically
restricted to geometries with strong waveguide dispersion when Ti:sapphire lasers are
used as pump sources. Dielectric hollow waveguides filled with a gas cannot be used
for this purpose, because anomalous dispersion can only be achieved for relatively small
diameters in the range of 10 to 80µm, for which the loss in simple hollow capillaries is
prohibitively high. Bandgap guiding in hollow-core PCFs, in contrast, allows for much
lower losses at the same diameter. Filled with a suitable gas, hollow-core PCFs exhibit
anomalous dispersion in the optical range but their bandgap-determined, intrinsically
narrow transmission impedes their use for SC generation. In the following chapter, an
alternative approach in which a hollow-core PCF is filled with a liquid is applied. In
this case, the refractive index in the core is higher than in the cladding and excellent
guiding is possible, ensured by a high air-filling factor in the air-glass cladding. Guiding
in the liquid-filled hollow fiber is therefore similar to step-index fibers. Such a waveguide
exploits the advantage of pumping in the anomalous dispersion regime at 1.2 mm, which
is shown to enable a significantly enhanced supercontinuum bandwidth for pulse energies
in the microjoule range. A preliminary, much simpler, set-up with a water-filled PCF
for single-octave supercontinuum generation has already been employed by Bozolan et
al. [131] using a pump wavelength of 980 nm, which is much closer to the zero-dispersion
wavelength.
Numerical simulations confirm that despite a higher loss in water, spectral broadening
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Figure 5.1: Left: The real part of the refractive index of water at 22◦C and ambient
pressure. Red diamonds show the measured data from Ref. [132] and the
solid line refers to the model used in this work [133]. The dispersion curve
calculated for a HC-800-01 PCF with a water-filled core is plotted as black
line (right axis). Right: The losses of liquid water at 22◦C and ambient
pressure. The curve is calculated from the measured data of the imaginary
part of the refractive index of water [134].
arises due to the emission of fundamental solitons formed from the fission of the input
pulse for small pump intensities. This mechanism is comparable to SC generation in
solid-core PCFs. Interestingly, at elevated pump intensities approaching 50 TW/cm2,
supercontinua exhibit a high coherence and the temporal profiles do not show splitting
of the pump into fundamental solitons as was typically found in supercontinuum gener-
ation in solid-core PCFs. The large broadening here arises due to self-phase modulation
combined with four-wave mixing. This is explained by the fact that the fission length
is larger than the length, whereby spectral broadening caused by self-phase modulation
exceeds one octave.
5.2 Linear optical properties of the filled fiber
The experiment is performed with the commercially available HC-800-01 hollow core
photonic crystal fiber [108]. The fiber has a 7-cell core with a 9.5µm inner diameter and
has been designed to support transmission in its gas-filled core. As discussed before, the
guiding mechanism is photonic bandgap guiding and the transmission band is a relatively
narrow band between 790 and 870 nm. Due to the photonic bandgap guiding, the fiber
has an engineerable zero dispersion wavelength (ZDW) and shows the typically strong
TOD dispersion profile; the fiber exhibits zero dispersion at midband, i.e., at 830 nm.
Dispersion of the filled fiber
Filling the central core of the fiber with water dramatically changes the linear transmis-
sion properties of the fiber, resulting in the essential vanishing of band-gap effects and
59
5 Nonlinear interactions in photonic crystal fibers with a liquid core
narrow transmission bands. The guiding mechanism of light in the filled fiber is now sim-
ilar to that in a step-index fiber because the refractive index in the core (nwater ≈ 1.33 at
830 nm) is larger than the average index of the cladding. For the theoretical description
of the linear waveguide properties of this water-filled PCF, the effective-cladding model is
used. This model has been previously applied to explain the single-mode behavior [135]
and to calculate the dispersion of solid-core PCFs [136].
The effective refractive index neff (ω) of the cladding is approximated by that of the
fundamental space-filling mode of the photonic crystal using silica-air boundary condi-
tions and periodicity conditions at the limits of an elementary cell. Using neff (ω) as
the effective refractive index of the cladding and the refractive index nwater (ω) of water
for the core (see Fig. 5.1), one solves the characteristic equation for the propagation
constant β (ω) of the approximate step-index fiber. The curve of Fig. 5.1 (black line,
left) shows β2(ω) of the water filled HC-800-01 PCF. The zero-dispersion wavelength
is at 985 nm, and the dispersion is anomalous above this wavelength. In the geometry
considered here, the waveguide contribution to dispersion is small in comparison with
the dispersion of bulk water, and the curve in Fig. 5.1 (black line, left) is almost identical
to the dispersion curve of bulk water.
Losses of the filled fiber
To estimate the loss of the water-filled fiber, the measured loss of water as reported
in [134] is used, c.f. Fig. 5.1 (right). The waveguide contribution of the loss is small
compared to material loss of water and neglected in all numerical simulations. Water
has a strong absorption at wavelengths larger than 1400 nm but a small loss deep into
the UV for the considered propagation lengths. The water-filled PCF therefore offers a
two-octave wide transmission band with dispersion ranging from +50 to -50 fs2/mm.
5.3 Simulation of nonlinear propagation
5.3.1 Numerical model
The accurate simulation of the SC generation in the water-filled fiber requires solving the
Maxwell equations 2.4 without using the SVEA (c.f. Sec. 2.13) because very short tem-
poral features may occur. The nonlinear Schrödinger equation as presented in Sec. 2.3
is also formulated for the amplitude of the electric field, therefore, the NLS will also give
incorrect results when the SVEA is violated. For the numerical simulation of the nonlin-
ear pulse propagation in the waveguide, the so-called forward Maxwell equation [35, 136]
is used. This equation does not use the slowly-varying envelope approximation and is
written directly in terms of the electric field. This approach allows a correct description
of ultrashort temporal features of the electric field or, correspondingly, extremely broad
spectra. In this approach the dispersion is included to all orders. Nonlinear effects
such as third harmonic generation and self-steepening are included intrinsically. In the
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temporal domain, the equation is written as:
∂E(z, ω)
∂z
= −α(ω)2 E(z, ω) + i
(
β(ω)− ngω
c
)
E(z, ω) + i ω
2
2β(ω)0c
PNL(z, ω), (5.1)
where E(z, ω) is the Fourier transform of E(z, t), z the propagation coordinate, β(ω)
the wavenumber of the waveguide, and α(ω) the loss coefficient. Comparing this equation
with Eq. 2.39, which is formulated in the other Fourier domain, the same mathematical
structure is found, and the same numerical tools can be used to solve the propagation.
In Eq. 5.1 ng is the effective group refractive index, which determines the velocity of
the moving coordinate frame. PNL(z, ω) is the Fourier transform of the time-dependent
nonlinear polarization PNL(z, t), which includes an instantaneous contribution due to
the electronic hyperpolarizability and a second non-instantaneous contribution
PNL(z, t) = 0χ(3)E3(z, t) + κslow
0χ(3)
τslow
E(z, t)
∫ ∞
0
E2(z, t− τ) exp(−τ/τslow)dτ. (5.2)
Here χ(3) = (4/3)c0nWn2 is the third-order hyperpolarizability, and n2 is the nonlin-
ear refractive index. The second term describes a slow nonlinear response of the medium
similar to the one introduced in Eq. 2.35. κslow determines the fraction of the retarded
nonlinear response in water, and τslow is the decay time of the response. For the calcu-
lations presented, the parameters n2 = 1.5 × 10−4 cm2/TW [137], τslow = 120 fs, and
κslow = 0.25 [138] have been used. Although the fiber being considered supports a large
number of modes, their influence was neglected since the input radiation was coupled ex-
clusively to the fundamental mode and nonlinear energy transfer to higher-order modes
can be neglected for the considered nonlinearities and propagation lengths.
5.3.2 Numerical results
The propagation equation Eq. 5.1 has been employed to simulate pulse propagation as
well as supercontinuum generation for 40 fs pulses at 1200 nm by using the linear optical
properties of the waveguide from Sec. 5.2 and the non-instantaneous nonlinear response
function of water. The simulation was done for multiple intensities and presents two
different peak intensities in order to illustrate two contrasting SC generation scenarios.
Low intensities
In the first simulation, a low peak intensity of 2 TW/cm2 is assumed. The spectral
and temporal evolution of the pulse for this simulation are presented in Fig. 5.2. The
evolution of the temporal profile in Fig. 5.2(b) confirms fission of the input pulse into
three fundamental solitons after a propagation length of about 0.6 cm, resulting in the
formation of a supercontinuum. Details of the spectral broadening process are displayed
in Fig. 5.2(a). For clarity, Fig. 5.3 shows a spectral (a) as well as temporal (b) snapshot
after 1.6 cm propagation. In both domains, the pulses display the same features (spectral
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Figure 5.2: Evolution of spectrum I (z, λ) (a) and of temporal profile I (z, t) (b) with
propagation for 40 fs, 2TW/cm2 pulses with central wavelength at 1200 nm
and waveguide parameters as in Fig. 5.1.
Figure 5.3: Spectrum (a) and temporal profile (b) after 1.6 cm propagation. The param-
eters are the same as in Fig. 5.2.
Figure 5.4: Evolution of spectrum I (z, λ) (a) and temporal profile I (z, t) (b) with prop-
agation for 40 fs, 50TW/cm2 pulses with central wavelength at 1200 nm and
waveguide parameters as in Fig. 5.1.
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Figure 5.5: Spectrum (a) and temporal profile (b) after 0.46 nm for 40 fs, 50TW/cm2
pulses with central wavelength at 1200 nm.
Figure 5.6: Spectra (a),(c),(e) and corresponding temporal profiles (b),(d),(f) for propa-
gation distances of 8 cm (a),(b), 2.4 cm (c),(d), and 0.24 cm (e),(f). The input
40 fs pulses at 1200 nm have a peak intensity of 50TW/cm2. The fiber ge-
ometry corresponds to the experimental cross-section. In (c) the incoherence
1− g(λ) is illustrated by the green curve.
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Figure 5.7: Spectrum (thick red curve) and incoherence function (thin green curve) for
the model without the retarded nonlinearity contribution (κslow = 0). The
input 40-fs pulses at 1200 nm have a peak intensity of 50 TW/cm2, the
propagation distance is 2.4 cm.
width, spectral distribution, and sharp spikes in the temporal structure) as have been
observed for solid-core PCFs. Analogous to the case of a solid-core PCF and using
comparable intensities, therefore, supercontinuum generation in the water-filled PCFs is
related to soliton dynamics and appears due to the emission of non-solitonic radiation
at different frequency intervals [35, 136].
Since the chosen intensity is much smaller than the intensity used in the demonstration
experiment, the results of this simulation cannot be used to explain the SC observed in
the experiment. In the finding that a very efficient SC generation mechanism also exists
for low pump intensities makes the concept of a liquid core fiber additionally promising
for other pump sources with lower pulse energy.
High intensities
In order to explain the observed SC generation for pulse energies as used in this ex-
periment, the simulation was repeated at a higher intensity of 50TW/cm2. The results
of nonlinear pulse propagation at this energy are shown in Fig. 5.4. Again, a snapshot
of the temporal and spectral profile after only 0.46mm propagation length is shown
separately in Fig. 5.5. In terms of intensities, this situation is now much closer to the
experiment that will be described in Sec. 5.5. In this case, the spectrum already reaches
two-octave coverage after only 0.6mm propagation, see Fig. 5.4(a). In the snapshot
in Fig. 5.5(a) the spectrum spans 390 to 1900 nm wavelength. However, in contrast to
low intensities, no indications for fission of the pulse can be seen at this distance. In-
stead, the temporal profile in Fig. 5.5(b) shows a smooth pulse shape without the spikes
characteristic of soliton fission processes. This is a clear indication that self-phase mod-
ulation dominates the spectral-broadening process. This means that the mechanism of
supercontinuum generation fundamentally differs for different intensities, even though
the pump is within the anomalous dispersion region in both cases.
The prevalence of self-phase modulation at higher intensities can be explained qual-
itatively by the fact that the length Loct ≈ LNLω0/∆ω0 at which self-phase modula-
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tion leads to a spectral width exceeding one octave, is smaller than the fission length
Lfission ≈ NLNL. The nonlinear length LNL is defined as LNL = (γP0)−1 with the nonlin-
ear coefficient γ, the central frequency and the spectral width of the input pulse ω0 and
∆ω0, respectively, and the soliton number N =
√
LD/LNL, LD = (τ0)2/ |β2(ω0)| [17].
In the case of the low-intensity pulse, one can estimate N = 5 and LNL = 0.63mm,
ω0/∆ω0 ≈ 10. Therefore, the fission length Lfission ≈ 5LNL is smaller than Loct ≈ 10LNL.
In this case the mechanism of soliton-induced supercontinuum generation dominates over
self-phase modulation. In the high-intensity case, N = 29 and LNL = 0.025mm, the fis-
sion length is larger than the length Loct ≈ 10LNL. Spectral broadening is therefore
dominated by self-phase modulation. After the pulse has evolved to such broad spec-
trum, a higher-order soliton can no longer be formed, and the soliton fission effect does
not appear due to the influence of loss and higher-order effects. Although soliton dy-
namics obviously do not play a role here, weak or anomalous dispersion is nevertheless
an important requirement for the spectral broadening efficiency of the self-phase dom-
inated mechanism. Strong normal dispersion effectively limits the spectral broadening
effect due to temporal stretching and it also limits the decrease of the maximum inten-
sity by dispersive effects. In Figs. 5.6(a)–5.6(f), the spectra and corresponding temporal
shapes of the high-intensity pulses are presented for larger propagation lengths. Upon
further propagation, the pulse envelope continues to smoothen and extends under the
action of the group velocity dispersion to several picoseconds. At a propagation distance
of 0.24 cm, the theoretical spectra show reasonable agreement with the experimental
ones in Sec. 5.5. In the simulations, water absorption leads to extinction of the spectral
components in the range above 1200 nm upon further propagation. It is important to
note that in the experiment these components can be guided in the cladding modes
of the fiber and contribute to the observed spectral power density at the fiber output.
The field extension into the cladding is insignificant and the cladding itself does not
contribute to the spectral broadening; cladding modes can preserve the radiation above
1300 nm that is coupled to them by fiber imperfections. Despite its obvious existence,
this effect cannot easily be considered in the simulations. Note, however, that the nu-
merically computed spectra are significantly broader than those for bulk water, even if
an identical anomalous dispersion is considered (see, e.g., [115]). Focusing a laser tightly
to a spot size comparable to the fiber diameter limits the effective interaction zone to a
few hundred microns due to diffraction and the maximum obtainable nonlinearity due
to the on-set of filamentation.
Improved coherence properties
In Fig. 5.6(c) the incoherence 1 − g(λ) is shown as the green curve. The displayed
first-order coherence function g(λ) is defined as
g(λ) = <
[
< Ea(λ)E∗b (λ) >a,b,a6=b
< Ea(λ)E∗a(λ) >a
]
, (5.3)
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where the average in the numerator is taken over all non-identical pairs of noise realiza-
tions a, b, while the average in the denominator is taken over all noise realizations [121].
The quantity g(λ) directly corresponds to the visibility V = g = (Imax − Imin)/(Imax +
Imin) measured in interference experiments. Although the input pulse parameters cor-
respond to a high soliton number N = 29, a high average output coherence of 0.97 is
observed. This is an important feature since the spectrum becomes incoherent in soliton-
induced supercontinuum generation if the soliton number is larger than N ≈ 10 [121].
Despite the larger pulse energies and the relatively high soliton number, the coherence
properties have therefore improved compared to solid-core PCFs in the nanojoule regime.
These improved coherence properties appear because spectral broadening is now caused
by self-phase modulation, which, in general, preserves a high coherence. This novel high-
intensity regime appears interesting for the generation of highly coherent supercontinua
with longer input pulses. In contrast, such conditions are difficult to meet in solid-core
PCFs due the requirement of a soliton number N ≤ 10 for maintenance of coherence.
Finally, in order to elucidate the role of the slow component in the nonlinear polariza-
tion Eq. (2), Fig. 5.7 shows simulation results computed with the same input parameters
and at an identical propagation distance as in Fig. 5.6, but without the influence of the
retarded nonlinearity, i.e., κslow = 0. It can be seen that the spectrum at 2.4 cm is
slightly narrower than for the previous case and that the average coherence is roughly
the same, i.e., 0.96. Therefore, a marked influence of the slow component is not expected.
5.4 Fiber preparation
The methods presented here were originally developed in the group of F. Mitschke to
investigate the filling of PCFs with different dyes [139]. In collaboration with F. Mitschke
the methods are adapted and improved for the experiments presented below.
5.4.1 Use of a fusion splicer to collapse the microstructure
The major difficulty in using water in a partially air-clad geometry arises from selective
filling of the central hollow core. Several methods have been discussed for sealing the
micro-channels in the cladding region lest intruding water corrupt the index contrast
required for guiding in these fibers. Martelli et al. [140] suggested splicing of a fiber
with a single hollow core to selectively seal off the air holes in the cladding. Huang et
al. [141] demonstrated the use of a UV curable adhesive for the same purpose. Several
publications suggest the use of a fusion splicer for collapsing the cladding part of the
microstructure [142, 143]. These publications report using a pair of electrodes in front
of the fiber tip. For the experiments presented here, this idea is adapted, improving
the technique by shifting the electrodes of the fusion splicer approximately 100µm in
direction of the fiber, i.e., away from its end face [144]. This effectively avoids a reduction
of the core diameter in the collapsed region. This bottleneck effect has previously been
found disadvantageous for applications, since a reduction leads to a decreased filling rate
and, more importantly, causes severe coupling problems.
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Figure 5.8: Left: Micrograph of the collapsed fiber as seen from the side. Right: Micro-
graph of the rear end of the fiber demonstrating that the core is selectively
filled with water.
In the experiments, a standard single-mode-fiber fusion splicer (Fitel type S148S) is
used. The device employs a distance of 1.6 mm between the electrodes and allows for
current adjustment in the range from 8 to 14 mA. Compared to the parameters given
in [143], a relatively low current of 9.41 mA is used at an increased arc exposure time
of 550 ms [144]. The fiber is not pulled or otherwise mechanically stressed during the
arc exposure. It is found that these parameters enable collapsing of the microstructured
cladding without significantly reducing the diameter of the central hollow core. The
absence of a bottleneck is proven by simultaneously filling a hollow fiber with water
from both ends; identical filling velocities are observed. Figure 5.8 (left side) shows
a micrograph of the partially collapsed fiber structure as seen from the side. This
micrograph indicates a total length of the modified microstructure of about 380 µm,
with the length of the collapsed region being less than 60 µm. As only the latter prevents
index guiding, the resulting loss is minor compared to absorption losses in the water. A
frontal micrograph image of the same fiber in shown on the right side of Fig 5.8. The
rear end of the fiber is already mounted in a water reservoir and the core is filled with
water. This picture proves that the core can be filled selectively with the method here
presented and that no disturbing water will be observed in any of the cladding channels.
The method is an easy-to-use, one-step method and is very reliable.
5.4.2 The use of a windowed cuvette
The problem for experiments in a liquid core fiber as prepared in Sec. 5.4 is the for-
mation of a meniscus inside the fiber core. The shape of this surface is determined by
fundamental mechanical capillary forces [142, 145, 146]. The orientation of the meniscus
depends on the contact angle θ between the liquid and the fiber material [146, 147].
Figure 5.9 (left side) shows the meniscus for a wetting (a) and a non-wetting (b) liquid
as well as a micrograph of a meniscus formed in a capillary of 50µm diameter. Due to
the different index of refraction, the bent surface of the meniscus acts like a lens. For
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Figure 5.9: Left (a) and (b) show the typical shape of an air/liquid interface. Wetting
liquids ( θ < 90◦ ) have convex interfaces (a), while non-wetting liquids with
θ > 90◦ have concave interfaces with air. (c) A micrograph of a water-
filled capillary with 50µm diameter. Since θ is almost zero for a glass/water
surface, the interface is an almost spherical concave shape. Right: Optical
beam path for a beam parallel to the distance h from the optical axis. If
β >≈ 52◦ the beam is totally reflected and guided in the water-filled core of
the fiber.
Figure 5.10: Sketch of the windowed cuvette built for the experiments. All water/air
surfaces are technically prevented. The 500µm window allows for the use
of ultrashort laser pulses. The drainage channels enable quick and complete
filling with any kind of liquid and prevent the formation of bubbles.
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Figure 5.11: Photograph of the supercontinuum generated in the liquid core of the water-
filled fiber mounted inside the windowed cuvette. Orientation is as in
Fig. 5.10(b). The grating-dispersed supercontinuum has been projected
onto a screen behind the set-up.
a core diameter of 10µm, the surface is of almost ideal spherical shape which results
in severe geometrical aberration. The focal lengths are spread out over some 5µm and
strong chromatic aberration is also created. As a result, the total amount of coupled
energy is reduced to just a few percent. To avoid this effect, a windowed cuvette is used,
see Fig. 5.10. This cell features drainage holes to prevent the formation of air bubbles.
The fiber tip is located as close as possible to the thin glass window to avoid excessive
dispersion on the input coupling side. An f = 18mm lens is used for coupling into the
fiber. This set-up enables an insertion efficiency of > 30% in the absence of absorption
and nonlinear optical effects. For the experiments presented in the next section, a water-
filled fiber with a length of 7.2 cm and a gap of approximately 500 µm between front end
and window is chosen. The rear end of the fiber is not mounted into a second cuvette,
as only the spectral characterization of the generated SC was planned. The meniscus
at the rear end causes a strong divergence of the output beam. This, however, can be
easily compensated by a simple lens.
5.5 Experiments
The experiments are performed with 45 fs laser pulses from an optical parametric am-
plifier (OPA), pumped by an 800 nm regenerative Ti:sapphire amplifier at a repetition
rate of 1 kHz. The OPA is tuned to a center wavelength of 1.2 µm. The output power
of the OPA is attenuated, and the energy per pulse launched into the core mode is 7 µJ,
corresponding to an input peak power of approximately 150 MW. In the experiments, a
total coupling and transmission efficiency of about 6% is observed, resulting in an output
energy of the continuum of 390 nJ [144]. At first glance, this may seem to be a rather
low value. However, it surpasses the computed transmission of 1200 nm light in a 7.2 cm
long water column by a factor 100, cf. Fig. 5.1 (black line, left).
Figure 5.12(a) shows the spectral power density of the generated supercontinuum in a
logarithmic plot. The spectrum, measured at -20 dB below peak, covers a bandwidth of
1.0µm, ranging from 500 nm to 1.5µm. The -30 dBm bandwidth spans a spectral range
69
5 Nonlinear interactions in photonic crystal fibers with a liquid core
400 600 800 1000 1200 1400 1600
-100
-90
-80
-70
-60
-50
-40
 
 
S
pe
ct
ra
l p
ow
er
 d
en
si
ty
 (d
B
/n
m
)
Wavelength (nm)
Figure 5.12: Measured spectra of a supercontinuum generated in 7.2 cm of water-filled
hollow core fiber. Full range of the OSA on a logarithmic scale. Red colors
indicate a background stemming from scattered light, recorded while no
light was coupled into the water core.
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Figure 5.13: The measured spectra of a supercontinuum generated in the same fiber as
in Fig. 5.12 on a linear scale; recorded between 500 nm and 1µm with a
high resolution spectrometer.
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of ≈ 1.2µm, starting at 430 nm and ranging to ≈ 1.6µm. The significantly higher cut-
off in the infrared is attributed to light that is guided in cladding modes because water
absorption should otherwise inhibit supercontinuum generation above approximately
1.2µm. For comparison, Fig. 5.12(a) also shows the background radiation, which is
mainly caused by scattered laser light. One can identify the Ti:sapphire laser at 800 nm
and the 1.2µm signal wave of the OPA.
The supercontinua show the highest spectral power densities in the vicinity of the
1.2µm OPA pump. The spectrum exhibits two symmetrical maxima at approximately
1100 and 1350 nm. In addition to the symmetric broadening, a second optical octave at
roughly 10 times lower power densities can be seen below 800 nm [c.f. the linear plot in
Fig. 5.13(b)]. The photograph of the spectrally dispersed supercontinuum in Fig. 5.11(a)
further confirms coverage deep into the blue spectral range. Appearance of this band in
the visible is only explainable by solitonic effects, as was discussed in Sec. 5.3.
5.6 Conclusions and outlook
The generation of a two-octave spanning supercontinuum in a liquid core PCF has been
demonstrated. The fiber has been prepared in an one-step method using a standard
fusion splicer. The coupling efficiency has been optimized using a windowed cuvette.
The emitted white-light of 390 nJ power surpasses the strongest commercially available
conventional source by a factor of 10. The numerical simulations show that two different
generation mechanisms for ultra-broad supercontinua compete in a liquid core fiber.
Depending on the soliton number of the input pulse, either self-phase modulation or
soliton fission is the dominant mechanism. The demonstration experiment has been
performed in the self-phase-modulation dominant regime. The advantage of this regime
is a superior coherence compared to the solitonic regime.
The numerical simulations also reveal that the full spectral bandwidth is already
generated in the first 0.5 mm of the fiber. Since no additional spectral components are
generated during the rest of the propagation and the generated light suffers from high
absorption above 1.5µm, it seems reasonable to create extremely short fiber samples,
which would offer even higher output power. However, the practical preparations of
shorter liquid core fiber samples is technologically challenging.
The technology presented here makes the scaling of SC power into completely new
ranges possible, since the nonlinear medium can be continuously replaced and cooled.
Only pulse energy and pulse duration need to be carefully selected to keep the soliton
number in the required range. As a final thought, entering solitonic generation regime
would be promising, because the input power converts more efficiently into the output
pulse and the broadening happens on a cm scale rather than on a sub mm scale. This
latter fact especially would allow the study of the generation mechanism in greater detail
by cutting back the fiber sample.
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6 Two pulses: An optical transistor
In this chapter the nonlinear interaction between two ultrashort laser pulses during the
propagation in a PCF is discussed. A novel interaction effect is observed. Calculations
reveal that the physics of this effect can be used to create a transistor-like device for
photons with the dispersion being the key parameter for this effect [148]. A number
of criteria according to Miller [149] are presented, which allow a decision as to whether
or not a specific optical switching effect can practically replace an electronic transistor.
These criteria are then applied in a brief review of earlier work contributing to the
realization of optical transistors. Then the idea of using the nonlinear interaction of two
ultrashort pulses in a fiber as an optical transistor is presented. Based on the theoretical
findings, an experiment is set up and the effect is demonstrated in a commercial PCF.
Finally, the experimental results are compared with the numerical simulations carried
out for the particular piece of fiber used in the experiments; excellent agreement is found.
6.1 The optical transistor: Overview
The transistor is one of the most important components in electronics. In 1956 the
Nobel prize in physics was awarded to William B. Shockley, John Bardeen, and Walter
H. Brattain for their researches on semiconductors and their discovery of the transistor
effect [150–152]. The most common semiconductor transistor used today is, in fact, the
bipolar-junction-transistor. A typical device is usually realized as a sandwich of either
npn doped or pnp doped semiconductor layers. Figure 6.1 illustrates the schematic
design and function of a pnp-type transistor. This type of transistor effectively works
as a current amplifier, i.e., a small current between emitter and base allows controlling
a much larger current between emitter and collector. Only a very small current from
the base to the emitter is required in an electronic transistor because the switching is
actually controlled by the potential in the emitter as illustrated in Fig. 6.1.
Translating this concept into photonics, not only would an optical transistor be able to
switch a laser beam on and off by means of a secondary beam, but, additionally, a weak
laser (small optical power) would be able to control a stronger beam (high optical power).
The idea to build such a transistor-like device for photons rather than for electrons has
been discussed ever since the invention of the laser. In the last few decades, the topic has
become even more relevant with the rapid development of optical fiber communication
networks.
Initial working optical transistor schemes were presented in the mid 1980s based on
optical bistability [153–158]. The optical bistability was observed in a device combining
a Kerr medium (gases, liquids, or semiconductors) with a Fabry-Pérot cavity. Also the
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Figure 6.1: Schematic illustrations of an electronic transistor. (a) technical symbol of a
pnp-transistor and an illustration of the electron current in the transistor.
(b) Illustration of the electronic band model. The position of the conduction
band in the p-doped layer (red or black level) depends on the potential
(voltage) between the base (B) and the collector (C). This voltage controls
the switching in the transistor. The small current from the base to the
emitter (E) is based on electron hole recombination and hole transportation.
nonlinear absorption in a Fabry-Pérot cavity was used to demonstrate optical bistabil-
ity [159]. Bistability devices depend on a strong χ(3) which requires the operation close
to a resonance; this operation is limited by two photon absorption [160].
Most publications about all-optical switching focus exclusively on the use of an optical
transistor in a future, as-of-yet nonexistent, optical computer, and other very promis-
ing applications are often overlooked. Other important applications include: ultrafast
optical switching in telecommunication networks, the switching of strong pulses with a
weaker pulse in scientific experiments, and the creation of a photonic equivalent of an
operational amplifier. Compared to the total number of different electronic realizations,
the number of working photonic transistors is still small, and the research is still at a
very early stage, although it has been more than 30 years since the first device was
operational. Today, different concepts are evolving, but none has yet reached the stage
of commercial use. In fact, most of the current concepts cannot be integrated and mass
production still lies far in the future.
6.1.1 Criteria for practical optical logic
In order to assess different physical effects and to compare their performance as an optical
transistor a list of criteria is needed. In Ref. [149], Miller presented a list of stringent
criteria that he considered mandatory for any practical optical transistor to comply with.
In the following, this list is reviewed, further developed, and the compliance of several
optical transistor concepts is examined.
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Basic transistor operation (fan-out and cascadability) An optical transistor must
have the same switching behavior for light as the electronic transistor has for switching
currents, i.e., a small amount of photons must switch a large amount. The technical
terms used in electronics are fan-out and cascadability. The output of one device must
be able to drive at least two subsequent devices of the same type. In practical terms this
means that a lower pulse energy must be able to control a signal pulse with at lest double
the pulse energy. At the very minimum, the wavelength, the temporal pulse profile, and
the beam quality must be maintained for at least the signal pulse. This is the most basic
criteria for an optical transistor. Surprisingly, many of the previously reported schemes
fail already here.
Time scale of operation To illustrate the advantage of an optical transistor, the min-
imal response time of nonlinear optical effects is often quoted and the possibility of
an increased number of logic operations per second is a common argument. However,
current CMOS electronics already operate in the picosecond range [161–163] and future
generations are likely to break the 100 fs mark [163]. Optical transistors are supposed
to work in a network with electronic transistors. In order to fall into step with the
electronic transistors the optical logic gate must work in the sub-100 fs regime. Alterna-
tively, the devices must allow for massive parallelization to not slow down the network.
As discussed in Sec. 4 optical propagation comes with some limitations and virtually
loss-less transmission in optical waveguides needs to be rethought for such short pulses.
Only extreme miniaturization and very short distances between the logic gates would
allow for propagation effects to be neglected.
Energy conversion and conservation Every electronic logic operation requires electri-
cal energy which is usually converted more or less directly into heat. A typical CPU
can emit up to 125 W/cm2 of heat [164]. The energy consumed by data centers in the
US for 2011 is estimated to be over 100 billion kWh [164], however, a single logic oper-
ation in current silicon CMOS electronics requires only some femtojules of energy and
in future generations this number will be reduced to a few ten attojoule [163]. This sets
a performance goal for the optical logic. For an optical transistor operating at typical
laser wavelengths (visible and close-to-visible wavelengths) this requires an operation
with only some hundred photons. The number discussed here is the total amount of
consumed energy in one logic gate, including losses in the waveguides, losses by thermal
heating of the nonlinear material, as well as photons lost in other photonic effects.
Usability in logic gates The effect must also fulfill a number of practical criteria which
allow for building complex optical logic devices. The quality of the signal and its level
must be restored in every logic gate, i.e., degradations are not amplified but damped by
the optical transistor (logic-level restoration). The input and the output signal should
be easy to separate and not interfere with each other. Ideally, the device would feature
separate input and output beams (input/output isolation). The operation point of the
device should be robust, non-critical and the same for every device built of the same
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type (absence of critical biasing). Furthermore, the logic operation should not depend
on transmission loss, because the distance between the gates will vary in assembly.
Defining a power threshold level cannot reliably distinguish between on and off unless
the threshold is pushed close to zero. (logic level independent of loss).
The above criteria allow the performance of an optical effect to be evaluated. Except for
fan-out and cascadability, none of them is a an absolutely necessary criterion, but non-
compliance with each individual criterion decreases the likelihood of the effect becoming
part of a future photonic technology implementing optical logic units.
6.1.2 Different optical transistor realization approaches
This section gives an overview on three selected recent research results in the field of
optical switching and optical transistors. The performance is rated by the criteria de-
veloped. Each experiment follows a different approach and utilizes a different physical
effect. All effects operate at a different combination of wavelength and pulse duration,
and the criteria developed above need to be employed to compare their performance.
A single molecule optical transistor V. Sandoghdar’s group in Zurich is working on the
realization of an optical transistor by controlling the inversion of a single molecule [165].
In their scheme the signal pulse is carefully tuned to excitation of a single dye molecule.
During the excitation, the dye molecules are embedded in a so-called organic crystalline
matrix. Under these conditions a single molecule’s excitation can be spectrally addressed.
If the molecule is in the ground state, all the incoming light is absorbed, and no signal
can be detected. In the presence of a gate beam, inversion is generated and the signal
beam is transmitted or even amplified. Theoretical calculations show that this effect is
capable of an 85% attenuation of a focussed plane wave signal beam [166]. However,
because of additional loss channels the demonstrated attenuation was only about 10%.
The potential of this idea is that the effect happens on the smallest length scale (a single
molecule). However, it requires extremely deep temperatures, and the switching contrast
is not sufficient, even when the theoretical limit is reached. The experiment does not
demonstrate a small optical power controling a bigger one of the same type. A cw laser
is used to control the molecule; which limits the operational time-scale as well as the
cascadabiltiy of the device.
Electromagnetically induced transparency T.J. Kippenberg’s group began to realize
a micro-optomechanical device in Munich, and this work is now continued in Lausanne.
The setup can be seen as a strict optomechanical analogue to electromagnetically induced
transparency (EIT) [167]. The control beam is tuned to a sideband-transition of a
micro-optomechanical system placed inside a cavity [168], and the signal beam simply
probes the transparency of the cavity. The resonance as an optomechanical form of
induced transparency can be mechanically tuned to every desired wavelength. This
effect can be miniaturized and mass produced. A basic transistor operation has also
been demonstrated, and the usability criteria can be fulfilled. However, the response
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time of this system is limited to the lifetime of the optomechanical excitation, and the
energy pumped into the resonance is lost and is directly heating the system.
Optical logic gates with tapered nano-fibers E. Mazur’s group at Harvard Univer-
sity is working on the realization of optical transistors and logic gates using tapered
nano-fibers (nanowires) with sub-µm diameter [169]. From this nanowire the group con-
structed a Sagnac interferometer. In front of the interferometer, a second input port is
created splicing two wires together [170]. The effect appears when the coupling ratio in
the interferometer is other than ρ = 0.5, e.g., ρ = 0.45. Because of the unequal inten-
sity of light propagating clock-wise and counterclock-wise in the loop, the accumulated
nonlinear phase is different for each direction, and the interferometer output depends
on the total input power. Defining a certain output level as on and another as off, an
optical switch is realized. Even an XOR or an NOR gate can be realized in theory.
Because of the very small diameter of the fiber taper reasonable nonlinear effects are
already observed at a pulse energy of only a few picojoule [171] and some sub-100 fs
pulse duration. An advantage of this idea is that, although the effect is happening on
the few hundred nanometer length scale, the tapered fibers provide an excellent interface
between the macroscopic dimensions (where the light is coupled in) and the microscopic
dimensions (where the effect happens). This effect is still failing on the usability criteria:
the operation point is controlled via the coupling ratio, which is not yet reproducible
and can not be controlled so far. Furthermore, the logic level is not independent of loss
and is not restored.
6.2 Theoretical model for a new optical transistor effect
The challenge to create a photonic transistor is that there is no strong interaction between
photons as there is for electrons. As bosons photons do not interact with each other
directly while they are propagating in free space. The nonlinear polarization in a medium
is required to relay between the photons, c.f. Eq. 2.28. To effectively drive such a
nonlinear effect requires either a high number of photons, i.e., a high intensity, or a
long interaction distance. If light is propagating in a medium at two very different
wavelengths, the photons are traveling with different speed, which is further reducing
the probability for a nonlinear interaction between two photons via the hosting media.
Also the temporal profile of a pulse propagating in a medium is not maintained, which
is an essential requirement to match the fan-out criteria. The pulse at signal wavelength
must propagate as a soliton in the medium and must preserve its pulse shape, i.e., it must
propagate in the anomalous dispersion regime. The solution for all the above problems
is to choose a medium with a dispersion profile that features the same propagation speed
(vg) for two different wavelengths, one of which is located in a negative dispersion. The
numerical simulations presented in this section will examine how two such pulses are
interacting inside the hosting media.
77
6 Two pulses: An optical transistor
6.2.1 Two pulse interaction and the white-hole event horizon
The effect discussed in this section was recently discovered in a numerical study by
Demircan and Amiranashvili [148] at the Weierstrass Institute in Berlin. In collaboration
with these authors, an experiment at the Max Born Institute was performed, and new
numerical simulations based on measured dispersion values were conducted and the
effect is demonstrated. This section will review the numerical results of Demican and
Amiranashvili [148] in context of the experiments presented in this work.
The nonlinear interaction between two copropagating pulses approaching each other
is discussed. Demircan and Amiranashvili [148] are referring to this interaction as a
white hole optical event horizon. The term is best explained by T. Philbin in the
original Ref. [172]: A fast river flowing out into the sea, getting slower. Waves cannot
enter the river beyond the point where the flow speed exceeds the wave velocity; the river
resembles an object that nothing can enter: a white hole. This just recently rediscovered
phenomenon [172], presents an unexpected analogy between nonlinear fiber optics and
the trapping of light in gravitational fields, i.e, an astronomic white hole. A more direct
way to understand the underlying physics is that the two pulses approach each other
slowly but never pass. When the pulses are close enough, the XPM is causing a frequency
shift effecting a group velocity change and locking them together in time. The pulses
propagate in sync for an extended distance and exchange energy before they eventually
start to separate from eachother. Due to the dramatically enlarged effective interaction
length, surprising effects occur. The effect is similar to the blue-shift reported when an
ultrashort laser pulse interacts with a continuous wave [172] inside a fiber. This effect was
initially referred to as the fiber-optical analogue of a white-hole event horizon, because
it generates a conceptually similar frequency shift as a white hole in astrophysics. Using
the same analogue, the interaction between two pulses as discussed in this work happens
at the so-called group velocity event horizon.
Figure 6.2 illustrates the effects observed when the two pulses approach each other
in a medium. If one pulse has only a slightly higher group velocity and the faster
pulse is delayed to the slower one (1), the pulses will approach each other inside the
medium (2). During that approach, one pulse is propagating as a stable soliton and
the other as a dispersive wave. The faster pulse will then begin to be influenced by the
polarization field that the slower pulse is creating (3). The closer the two pulses are,
the stronger the interaction via the nonlinear polarization field (blue shaded area). The
interaction is cross-phase modulation, c.f. Sec. 2.37. Assuming the initial conditions are
well chosen, this will result in a gravity-like effect and has been used in [173] to explain
propagation dynamics similar to those of quantum bouncing [174]. Here the bouncing
effects a reflection of the dispersive wave packet off the accelerating soliton. During this
bounce the frequency of the radiation is up-shifted (4), i.e., energy is transferred from
one pulse to the other. The reflection of a dispersive wave packet (control pulse) at
the group-velocity horizon of a fundamental soliton (signal pulse) represents a strong
light-light interaction. It will be shown that the control pulse can very efficiently modify
the duration, intensity, and carrier frequency of a signal pulse.
78
6.2 Theoretical model for a new optical transistor effect
Figure 6.2: Schematic picture of the interaction of two pulses at the optical event horizon:
1. The control pulse (ωc, vc) is launched after the signal pulse (ωs, vs) into the
medium delayed by τ0, 2. The control pulse is slightly faster than the signal
pulse; the delay is decreasing; and each pulse is creating its own polarization
field (purple shade), 3. The two pulses start to interact via the XPM effect
(blue shade), 4. Because of the interaction, the two pulses change color
and velocity, 5. the pulses now propagate interaction-free with their new
velocity; the delay is increasing, and 6. In free space the two pulses are
traveling independently.
6.2.2 Numerical simulations of the two pulse interaction
The numerical simulations presented in this chapter demonstrate that the effect as dis-
cussed above is not limited to any specific kind of medium and will appear in any χ(3)
medium, i.e., in fibers (c.f. Sec. 2.37). The only requirements are that the dispersion
profile of the medium allows a signal pulse (ωs) and a control pulse (ωc) to propagate
with a similar group velocity and that the dispersion in the vicinity of the soliton is
varying significantly. Figure 6.3 gives the dispersion as well as the group velocity of
light in bulk fluoride glass as a function of of wavelength. The shown concave profile
is quite common for most glasses and many other materials. The second requirement
is defining pairs of suitable wavelength, e.g., in solid glass, the effect can be realized
effectively only for technically difficult-to-handle wavelength pairs such as λs ≈ 3 µm
and λc ≈ 1.0−1.2 µm. In the original paper, Demircan, et al. presented calculations for
the fluoride glass shown in Fig 6.3. The dataset of the numerical simulations presented
in the following are provided by A. Demircan and Sh. Amiranashvili. The simulations
discuss two different scenarios: first, a faster control pulse and second, a slower control
pulse.
The numerical model used
The optical fields handled in the discussed simulations contain considerably different
frequencies ωc and ωs, such that the SVEA is violated (c.f. Eqn. 2.13) and a more
sophisticated model needs to be used for correct numerical treatment of the propagation
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Figure 6.3: The group velocity vg and the dispersion parameter β2 for the fluoride glass
used in the numerical simulations. The negative dispersion regime is gray
shaded. The yellow dashed line gives the center wavelength of the solitonic
signal pulse; the blue and green dashed lines give the center wavelengths of
the slower and faster control pulses used in the experiment.
problem. A single-mode polarization-preserving waveguide is assumed, and the electric
field E(z, t) is written as a discrete sum in the spectral domain E(z, t) = ∑ω Eω(z)e−iωt
with a real value. Here z refers to the propagation distance, and the two dependencies
perpendicular to z are integrated out. In order to accurately model the propagation of
ultrashort pulses, a complex valued analytic signal is introduced:
E(z, t) = 2
∑
ω>0
Eω(z)e−iωt. (6.1)
As described in Eq. 2.8 this summation is carried out over spectral components with
positive frequencies only. A more detailed description of the numerical model used is
given in Amiranashvili et al. [175]. The propagation equation of E(z, t) in this model
reads as
i∂zEω + β(ω)Eω + 3ω
2χ
8c2β(ω)(|E|
2E)ω>0 = 0, (6.2)
where parameter χ refers to the Kerr nonlinearity. If the SVEA criteria are met by the
signal pulse, Eqn. 6.2 can be reduced to the nonlinear Schrödinger equation [17]. The
nonlinearity parameter factors out to be γ = (3ωsχ)/[40c2ng(ωs)Seff ], where Seff is the
effective fiber area. In order to dissect the shifting effect caused by the optical event
horizon, all terms that may interfere with the scattering process at the optical event
horizon are excluded from the calculation. In particular, Raman scattering is excluded,
which induces the soliton self-frequency shift [27, 176] resulting in a strong influence on
the soliton group velocity. This shift would interfere with the shift caused by the event
horizon. Amiranashvili et al. [175] also point out that the Eqn. 6.2 is valid for a broad
spectrum and avoids the use of the envelope. To model the dispersion more accurately,
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Figure 6.4: The dynamic process at the group velocity event horizon in the time (a) and
spectral (b) domains. The fundamental soliton propagates with a carrier
frequency of ωs = 0.6 Prad/s and a faster control pulse at ωc = 1.52 Prad/s.
This configuration represents a typical scattering process of a dispersive wave
at an optical horizon of a soliton. Energy is transferred from the soliton to
the dispersive wave. (Courtesy of A. Demircan)
an improved numerical description of the propagation constant β(ω) is used [177]. This
prevents numerical stiffness in the simulations, but requires very accurate knowledge of
the material’s dispersion parameters.
A faster control pulse
Initially, the case of a faster control pulse slowly passing the signal soliton is simulated.
According to the net-group velocity argument, the maximum effect should be observed
when the following condition of the optical group-velocity horizon is fulfilled
c
ng(ωc)
>
c
ng(ωs)
>
c
ng(ωc) + δn
. (6.3)
Here ng(ω) refers to the group index, and δn is a nonlinear change of the refraction due to
the presence of the strong signal pulse. Under this condition the control pulse approaches
the soliton signal pulse from positive delays. At zero delay, the pulses start to overlap,
and an extended XPM interaction builds up, preventing the pulses from crossing each
other. Owing to this effect the two pulses will be temporally locked due to their mutual
interaction. The simulations show that for a manipulation of an intense fundamental
soliton by a weak control pulse, the dispersion values in the vicinity of the central
frequency of the soliton have to vary significantly. To trap a weaker control pulse at the
optical event horizon, the electric field intensity of the fundamental soliton has to exhibit
a fast transient, which, in the experiment, is achieved by ultrashort pulse durations in
the sub-100 fs regime. The calculated dynamics in both, the time and frequency domains
are displayed in Fig. 6.4. For this calculation the soliton signal is injected 400 fs prior
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to the control pulse. The amplitude Ac of the control pulse is significantly smaller than
that of the signal soliton As, and only the intensity-dependent refractive index change
induced by the soliton is considered. A wavelength shift towards shorter wavelengths of
the dispersive wave [172, 173] is observed for a frequency combination of ωs = 0.6Prad/s
and ωc = 1.52Prad/s for the soliton and control pulse, respectively. The intensity of
the soliton pulse is critical. It should be small and still induce a sufficient increase of
the refractive index to build up a fiber-optical group velocity event horizon, involving
a significant change of group velocities. In this simulation a fixed power ratio between
signal and control pulse of 9 : 1 is used, and the intensity is controlled via the pulse
duration. For Fig. 6.4 durations of ts = 21 fs and tc = 70 fs are chosen. For a medium
with γ = 0.1W−1m−1, this corresponds to peak powers of Ps = 5.2 kW and Pc = 0.58 kW
for the signal pulse and the control pulse respectively. Describing the dynamics in detail,
in Fig. 6.4 (a) the control pulse approaches the soliton until it reaches the trailing edge
of the soliton. Then the XPM begins to induce a substantial frequency shift [178, 179]
in both pulses. The central frequency of the trailing pulse is shifted to the blue and the
central frequency of the leading pulse to the red [Fig. 6.4 (b)]. Instead of passing the
slower signal pulse, the weak control pulse is reflected off the trailing edge of the soliton,
because of the induced nonlinear refractive index change. During this reflection, both
pulses are shifted in their frequency [c.f. Fig. 6.4 (b)] and consequently drift apart with
their new group velocities determined by their new center frequency. The simulation
reveals that the soliton signal pulse is also strongly affected by the reflection process.
For a faster control pulse, the soliton is shifted towards longer wavelengths. In earlier
simulations [172, 173] the red-shift of the soliton center wavelength and the change of
the soliton group velocity interfered with the Raman effect. The novel shifting effect
remained undiscovered. In this work the Raman effect is excluded, and the effect can be
independently investigated. The wavelength shift in this calculation is understood as an
energy transfer from the soliton to the control pulse during the collision. Because the
control pulse is much weaker, the frequency shift of the soliton is smaller than that of
the control pulse. However, the soliton center wavelength is still shifted by more than
its half width, and the soliton is still propagating as a stable soliton after the reflection.
This shifting effect (caused by a smaller control pulse) is an implementation of an optical
transistor in close analogy to the electronic transistor described in the beginning of this
section. The experiment in Sec. 6.3.3 will demonstrate this effect in a nonlinear photonic
fiber.
A slower control pulse
If the signal pulse is faster than the control pulse the results change dramatically. In
Fig. 6.5 the signal pulse still has the same frequency, but the control pulse is at ωc =
1.8Prad/s. With the given dispersion profile of fluoride glass, the control pulse is now
propagating slower (λs) than the signal soliton and needs to be injected in front of the
soliton. Again, a reflection is observed (c.f. Fig. 6.5), however, this time the reflection
is causing a frequency shift towards the ZDW, whereas previously the shift away from
from the ZDW. The collision increases the group velocity of both pulses and energy is
82
6.2 Theoretical model for a new optical transistor effect
Figure 6.5: The dynamic process at the group velocity event horizon in the time (a)
and spectral (b) domains. The fundamental soliton propagates with a carrier
frequency of ωs = 0.6 Prad/s and a slower control pulse at ωc = 1.8 Prad/s.
This configuration represents a scattering process with a transfer of energy
from the dispersive wave to the soliton. (Courtesy of A. Demircan)
transferred from the control pulse to the soliton. In particular, the frequency shifts are:
ωc = 1.8 Prad/s → 1.45 Prad/s and ωs = 0.6 Prad/s → 0.62 Prad/s. An interesting
feature of this particular type of interaction is the change in the soliton duration and
peak power. After the reflection, the soliton is compressed to only 11 fs and has doubled
its initial peak power. This significant change is caused by the strong dispersion value
variation in the range of induced frequency shift. The compression mechanism is similar
to soliton compression in a dispersion decreasing fiber, where the soliton adiabatically
changes its shape due to the change of β2 [17]. Theoretically the compression rate
can be controlled by the control pulse intensity. However, changes of the control pulse
parameters are always limited by the requirement to enable the scattering process at the
optical event horizon. Consequently, with increasing control pulse energy, the control
pulse will eventually only be partially reflected at the horizon, with the remaining part
tunneling through.
Conclusions of the numerical simulations
The scattering of an optical pulse at an optical event horizon enables control of the
properties of a strong signal light pulse with another weaker control light pulse without
destroying the temporal structure of the signal light pulse. A careful, but still not
critical selection of the center wavelengths (the group velocities) of the pulses allows for
a control of the interaction in such a way the center wavelengths either strongly repel
or attract each other. The resulting mutually induced shifts are perfectly efficient and
can be used to create an optical transistor. The simulations demonstrate that even a
9 times weaker control pulse can switch a signal pulse in a non-ambiguous way. Such
behavior has never been observed in any other previously proposed optical transistors.
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Figure 6.6: The group velocity vg and the dispersion parameter β2 for the polarization
maintaining fiber NL-PM-750 [180] used in the experiments. The dispersion
negative dispersion regime is gray shaded. The dashed lines give the center
wavelengths of the two pulses used in the experiment.
The solitonic switching scheme is cascadable and therefore fulfills the two most stringent
criteria for an optical transistor, i.e., fan out and cascadability. It is known that a non-
exact fundamental soliton is changed into an exact soliton while propagating in a fiber.
A degradation of the signal from an exact fundamental soliton can thereby amount up
to 50% [17] (logic level restoration). Input and output pulses are separated, as they can
here easily be filtered out spectrally (input/output isolation). The effect only requires
the presence of a Kerr nonlinearity and a concave group delay β1(ω), cf. Fig. 6.3, in
a reasonably long waveguide. The engineering of the waveguide will allow to shift the
soliton frequency into the more practical telecommunications range. Eventually this
effect can even be implemented on an optical waveguide chip.
6.3 Experimental demonstration in a photonic crystal fiber
This section presents the experimental demonstration of the optical transistor imple-
mented in a photonic crystal fiber. The use of this fiber allows to performing the exper-
iment at about 600 nm (control pulse/ yellow pulse) and 1µm (signal pulse/ red pulse).
The experiment shows that the interaction of the two pulses at the optical event horizon
results in a significant wavelength shift of both, the signal and the control pulses. While
both shifts are of significant academic interest the shift of the red signal pulse, which is a
soliton, is fulfilling all criteria for an optical transistor, and therefore, is of major impor-
tance for future applications. Implementation in a fiber is chosen because a fiber allows
extended copropagation while confining the light to a very small core and maintaining a
high intensity simultaneously. This is enhancing the nonlinear interaction between the
pulses. Additionally, the dispersion of such a fiber is flexible and can be controlled by
the geometrical parameters of the fiber’s microstructure [135, 181] during the drawing
process. A suitable dispersion profile (Fig. 6.6) is found for many commercial PCFs
that were originally developed for supercontinuum generation [180, 182, 183] and for
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Figure 6.7: Left: SEM micrograph of the used fiber. Right: The setup of the experi-
ment. Mirrors (M), a beamsplitter (BS), a dichroic mirror (DM), color glass
filters (F), and lenses (L) are used to delay (∆τ), to recombine, and to cou-
ple the yellow (λ1) and red (λ2) pulses into the fiber. Behind the fiber a
spectrometer is used to measure the wavelength shift ∆λ of the pulses. This
is illustrated here by a prism.
various signal and control wavelength combinations. The fiber used in the experiment
was chosen because both the signal as well as the control wavelength can be detected
with a compact CCD-based spectrometer, and the wavelengths can be generated with
commercial lasers available at the Max Born Institute.
6.3.1 Setup of the experiment
A measurement and subsequent analysis of the dispersion properties revealed that the
NL-PM-750 [180] fiber is well suited to demonstrate the effect at λc = 580 nm and
λs = 980 nm. The dispersion of this fiber is measured from 500 nm to 1.5µm. The
measurement confirmed the position of the two zero dispersion wavelengths, and allowed
for a precise determination of the parameters for a broadband dispersion model [177].
The chosen wavelengths support the scenario of a slightly faster propagating control
pulse, which has been numerically discussed above. To generate the pair of ultrashort
laser pulses, an optical parametric amplifier (OPA) system is used. This laser system
has two parametric units (TOPAS, Spectra Physics), both pumped at 800 nm by the
same 45 fs pump pulse (Spitfire Pro, Spectra Physics) at a repetition rate of 1 kHz.
With this system two independently tunable and perfectly synchronized laser pulses are
generated (the signal pulse is an idler pulse of a parametric process, and the control
pulse is a signal component of another parametric process), but both pulses have the
same polarization when entering the experiment. Assuming that the generated pulses
are bandwidth limited, a pulse duration of about 40 to 50 fs is calculated. Figure 6.7
illustrates the setup of the experiment and shows a micrograph of the fiber. The initial
delay τ0 between the two pulses can be controlled by the delay stage, and its position
is measured with a digital micrometer screw gauge with an error of ±0.001 mm. The
initial zero delay point is precisely determined with a cross-correlation measurement.
After the control pulse is delayed, the two beams are collinearly combined and are
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Figure 6.8: The dynamic process at the group velocity event horizon in the time (a)
and spectral (b) domains. The initial delay between the pulses is 1 ps,
the signal frequency is ωs = 0.6 Prad/s, and the control pulse frequency is
ωc = 1.52 Prad/s, i.e., the control pulse is slightly faster.
coupled into a 49.5 cm long fiber using a lens with f = 3.6 mm. The fiber output is
characterized with a compact CCD based spectrometer (Avantes, AvaSpec-3648 [184]).
This spectrometer covers a range from 495 to 1024 nm with a resolution of 0.14 nm/pixel.
Given the spectrally dependent quantum efficiency of the uncalibrated CCD sensor, all
measured spectra are only of qualitative nature.
6.3.2 Numerical simulation of the experiment
To identify the relevant physical effects, a numerical simulation of the propagation in
the fiber is performed, based on the dispersion model and the pulse parameters used in
the experiment. As a typical example, the results for an initial delay of τ0 = 1 ps are
presented in Fig. 6.8. In comparison to the simulations in Sec. 6.2.2 and Fig. 6.4, this
new simulation shows, with some minor deviations, the same characteristic features as
in fluoride glass [148] with a faster control pulse. The most obvious deviation is found
in the temporal domain where the signal pulse splits into two solitons immediately after
entering the fiber. A closer look into the spectral domain (right side) reveals that these
two solitons are separated in the spectral domain. Because of this separation, the soliton
with the shorter wavelength is faster than the other, and the control pulse is only affected
by the slower soliton (longer center-wavelength). During the interaction with the slower
soliton, energy is transferred from the signal pulse to the control pulse. This causes
a strong wavelength shift of the dispersive control pulse into the blue direction and a
smaller shift of the soliton into the red direction.
Since neither the spectrum nor the temporal pulse profile can be measured inside the
fiber, this simulation needs to be repeated for different initial delays between the pulses,
and only the output spectrum is of experimental importance. In Fig.6.9 these calculated
output spectra are plotted for different delays between the input pulses. At negative
delays the control pulse is coupled into the fiber in front of the signal pulse and there
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Figure 6.9: Calculated spectral intensity distribution for different delays. The input
wavelengths are λ1 = 700 nm and λ2 = 1050 nm.
will be no interaction, since even the faster of the two solitons is still slower than the
control pulse [c.f. Fig. 6.8 (left)]. At zero delay the two pulses start to interact in the
fiber, and wavelength shifts in the output-spectrum are observed.
6.3.3 Experimental results
In the experiment the output spectra for different delays between the input pulses are
recorded and normalized. Figure 6.10 represents the typical results of such a measure-
ment with input pulse energies of Ps = 0.71 nJ and Pc = 0.19 nJ, i.e., a power level
ratio of about 4 : 1. At negative delays no nonlinear interaction between the two pulses
is possible. Still, the control pulse shows pronounced spectral distortions, stemming
from a combination of self-phase modulation and normal dispersion [17]. These distor-
tions are verified in the simulations. In contrast to the control pulse, the signal pulse
maintains its single-peaked spectral shape, the negative dispersion, and the resulting
solitonic propagation. When the two pulses are launched into the fiber in close temporal
proximity, a mutual interaction is observed, which gives rise to wavelength shifts up to
80 nm. Figure 6.10 is recorded in one continuous scan. Since the sensitivity of the CCD
is much smaller for longer wavelengths, the shift of the signal pulse is barely visible and
cannot be clearly identified in this figure. To quantify the redshift of the signal pulse the
measurement is repeated at specific delays, with a 10 times longer exposure time as well
as twice the number of averages. Figure 6.11 (right) shows the recorded spectra for the
signal pulse, allowing for a more detailed inspection of the wavelength shift of the signal
and control pulse. The data of the control pulse plotted in Fig. 6.11 (left) is measured
with the same settings used for the scan in Fig. 6.10.
The effect of the strong red pulse on the weaker yellow one is particularly dramatic,
in such a way that even very coarse wavelength filtering would lead to nearly 100%
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Figure 6.10: Measured spectral intensity distribution for different delays. The input
wavelengths are λ1 = 680 nm and λ2 = 980 nm.
switching contrast. However, the adverse yet much weaker action of the yellow pulse
acting on the center wavelength of the soliton is even more interesting. For the first time
ever, this shift fullfills all criteria for an optical transistor listed above. With the chosen
pulse energy ratio, the observed shift of about 10 nm of the strong pulse is on the same
order as the spectral width of the soliton itself.
The results for the experiment in Fig. 6.10 do agree qualitatively with the results of the
numerical simulations in Fig. 6.9. All important features of the experimental trace can
also be found in the simulation. It is important to note that the simulations are assuming
slightly different wavelengths than later realized in the experiment, i.e., a different group
velocity for the signal pulse was used. The remaining difference between the calculation
and the experiment is explained by additional effects that are causing a different group
velocity by shifting the center wavelengths or that are affecting the dispersion directly.
Possible effects are the Raman self-frequency shift [17], a change of the (polarization)
group velocity based on a combination of Kerr-nonlinearity, polarization effects [185],
and a change of the group velocity dispersion caused by the solitonic propagation [186].
Robustness of the effect
The shift of the soliton center wavelength, here discussed as an optical transistor, must
be robust against changes in pulse energy and uncritical in terms of timing between
the two pulses, c.f. Sec. 6.1.1. The first issue is addressed in an experiment where the
energy of the red pulse was varied from 0 (no pulse) to 0.37 nJ while the energy of the
yellow pulse was kept constant at 0.72 nJ. Since the wavelength shift of the yellow pulse
is proportional to the energy transfer during the reflection process, this shift is used
as an indicator for the strength of the nonlinear interaction between the pulses. The
results of this measurement are shown in Fig. 6.12. All spectra are recorded for a fixed
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Figure 6.11: Selected spectra of the control (left) and signal (right) pulse at a delay τ0
of −52 fs (black line), 72 fs (red line), and 114 fs (blue line).
delay of approximately 75 fs. The orange line in the back shows the output spectrum
of only the yellow pulse propagating in the fiber; the spectrum is modulated by SPM,
and dispersion effects are discussed above. The other spectra are recorded at different
input power levels. The power is increasing from the back to the front. It is observed
that an increasing amount of power is transfered by the reflection into the wavelength
split component of the yellow pulse. This means that less power of the yellow pulse is
tunneling trough the event horizon when the power of the red pulse is increased. The
first shifting is observed between 0.12 and 0.21 nJ, that is exactly the amount of power
used in the experiments of Sec. 6.3.3. The complete pulse is already reflected at an
energy of 0.37 nJ (a power level ratio of 1:2). From this point on the reflection is not
critical, and the magnitude of the wavelength shift only depends on the power level ratio.
This measurement validates that if the signal pulse is stronger than the control pulse,
then there is absolutely no critical bias.
The robustness in terms of timing is observed in the measured data (Fig. 6.10) as
well as in the numerical simulation (Fig. 6.9). Both data sets indicate a critical delay of
about ±20 fs at zero delay, i.e., the half width of the initial pulses. This is explained by
the existing temporal overlap of the pulses at injection. The portion of pulse intensity
contained in the overlap cannot contribute to the nonlinear interaction and is lost; the
optical event horizon is not created. As soon as there is no longer any significant temporal
overlap between the pulses, the shift becomes stable and uncritical, i.e., virtually the
same shift is observed for all delays.
6.4 Conclusions and outlook
The experiments presented in this section demonstrated a new concept for a fully func-
tional optical transistor. The effect was experimentally demonstrated in a commercial
photonic crystal fiber at a wavelength of 980nm for a power ratio of 3.7 : 1 between the
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Figure 6.12: Measured output spectra of the yellow pulse for different input power at the
red pulse, measured at a fixed delay of 75 fs. The power of the red pulse is
increasing from the back to the front.
signal and the control pulse. Shifts of 80nm for the dispersive wave and more than the
spectral half width of the signal soliton were observed. The effect has been proven to be
robust and not critical. In contrast to previous switching schemes, this effect does not
rely on an enhanced nonlinearity but on an optimized dispersion. This is easier to realize
and is more reliable. The numerical simulations agree well with experimental data and
indicate that an even stronger effect could be observed in other materials. However,
for most of these materials the signal wavelength is located in a technically challenging
region.
In a future experiment the source must be improved. A source with MHz repetition
rate will be beneficial for detection purposes and allow for a temporal characterization
of the output pulses. An all-fiber setup would be a first step towards a practical imple-
mentation as optical logic unit. However, the propagation of ultrashort pulses in fiber
is critical. In a next step the opportunities must be explored how this effect can be
implemented in materials other than glass, e.g., in optical semiconductor waveguides
written on a chip.
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This work introduced novel fiber designs to control the dispersion and nonlinearity in
photonic fibers. Several effects were pushed beyond the generally accepted borders of
fiber optics. These demonstrations reach from unprecedented avoidance of linear and
nonlinear optical effects to the very opposite, i.e., a dramatic increase of nonlinear effects
for supercontinuum generation and optical switching, enabling novel applications that
were previously considered impossible.
The chirped fiber
The first fiber design discussed was a hollow core fiber with a radially chirped microstruc-
tured cladding. It has been theoretically shown and experimentally demonstrated that
the chirp significantly reduces the dispersion in a broad spectral range. The physical
mechanisms behind the high-fidelity guiding mechanisms were explored and modeled in
great detail, revealing the key function of the innermost cladding layer together with
the absence of resonantly enhanced guiding in the outer layers of the photonic cladding.
These new fibers are ideal for the delivery of ultrashort laser pulses. Pulses as short
as 25 fs were delivered over a 1 meter distance without any compensation. Notably,
employing a compensation scheme allowed even the delivery of sub-20-fs pulses. While
this guiding mechanism so far limited losses to a few dB/m, such value already opens
a perspective for the fiber-based delivery of 20-fs pulses in medical diagnostics and for
biological applications that were previously considered impossible. All important fiber
parameters are identified and a further optimization for any desired wavelength is pos-
sible. A genetic algorithm will work best to optimize an existing fiber layout.
The fiber with a liquid core
In a second experiment, the highly important mechanism of soliton induced supercon-
tinuum generation was investigated and scaled to a new regime of 390 nJ pulse energies,
using a water-filled hollow-core fiber. Other than simple white-light generation in bulk
or liquid media, soliton induced supercontinuum generation enables to reach much wider
bandwidths, as it exploits a combination of linear and nonlinear processes to quickly ex-
pand the spectrum beyond the optical octave. A two octave spanning supercontinuum
was demonstrated and numerical simulations identified the underlying mechanism. This
supercontinuum has about 10 times more energy than any comparable previously gen-
erated supercontinuum in a conventional fiber. Further scaling of the pulse energy is
possible, since the liquid core concept does not suffer damage limitations and the liquid
can be easily replaced, even before the next pulse. A continuous flow of the liquid will
cool the glass structure and will allow for much higher average power levels. This fiber
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with a liquid core is an ideal medium for nonlinear optical applications of supercontinua,
where otherwise the relatively small peak powers appear as a bottleneck for further
optical processing.
Two pulse interaction
Finally, a novel concept for building an optical transistor was experimentally demon-
strated. This concept is based on the enhancing the nonlinear interaction between two
optical pulses in a significant way, such that for the first time it was possible to switch a
strong optical pulse with weaker control pulse. Moreover, the concept fulfills an arduous
set of other criteria, including fan-out and cascadability that so far only very few claimed
optical transistors have been found to comply with. The demonstrated effect results in
a significant frequency shift of both pulses. The effect is demonstrated in a fiber, but
is not limited to this photonic system. Other than in earlier approaches the effect does
not require an enhanced nonlinearity; the key parameter is the dispersion. The effect
can be implemented in many materials; the most fascinating idea is miniaturization to
an optical transistor on a chip. This will lead to integrated optical logic and ultrafast
optical switches. The delay dependence of the effect can be utilized to tune a strong
laser pulse with a weaker one. Other optical analoga to electronic devices will now be
built, e.g., an optical operational amplifiers.
Closing remarks
These results have created a significant shift in the conceptualization and experimental
use of photonic crystal fibers and revolutionized the approach to all-optical transistors.
Practical applications, previously unimaginable, are now within reach. Further research
and development of these topics will turn flexible delivery fantasies into realities and
unlock the door to a brave new world of optical logic.
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List of acronyms
AC autocorrelation
CPCF chirped photonic crystal fiber
DFWM degenerate four-wave mixing
DOS density of optical states
FEM finite element method
FWM four-wave mixing
GD group delay
GDD group delay dispersion
GVD group velocity dispersion
HCF hollow core fibers
IAC interferometric autocorrelation
LMA large mode area (fiber)
NLS nonlinear Schrödinger equation
NSR non-solitonic radiation
PCF photonic crystal fiber
RAM random access memory
SC supercontinuum
SPM self phase modulation
SVEA slowly-varying envelope approximation
TOD third order dispersion
XPM cross-phase modulation
ZDW zero dispersion wavelength
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